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A. I N T R O D U C T I O N  

This  S t a t u s  Report covers  t h e  a c t i v i t i e s  of t h e  Ins t rumen ta t ion  Research 

Laboratory from October 1, 1966 t o  A p r i l  1, 1967. Major t e c h n i c a l  

e f f o r t s  are desc r ibed  i n  separate t e c h n i c a l  r e p o r t s  and papers .  The 

s t a t u s  r e p o r t  r e f e r s  t o  t h e s e  and summarizes con t inu ing  p r o j e c t s .  

We are now loca ted  i n  t h e  new l a b o r a t o r y  f a c i l i t i e s  provided by NASA 

Grant NsG-(F)-2. Work under g ran t  N s G  81-60 i n c l u d e s  areas of r e s e a r c h  

t h a t  are c l o s e l y  r e l a t e d  t o  e f f o r t s  be ing  c a r r i e d  ou t  i n  t h e  Department 

of Genet ics  under o t h e r  g r a n t s  o r  c o n t r a c t s .  This  i nc ludes  A i r  Force 

Contract  AF 4 9  (638)1599 f o r  "i'lolecular 13iology App l i ca t ions  of islass 

Spectroscopy ," National  I n s t i t u t e  o f  Neurological  Diseases and Blindness 

Grant NU-04270 e n t i t l e d  ":lolecular ;:curobioloy,y" and f o r  work car r ied  

ou t  by t h e  Advanced Computer f o r  i l ed ica l  Kesearcli (ACXE) program s u p -  

ported by the Nat ional  I n s t i t u t e s  of l leal t l i ,  Uivis ion of l k s r a r c h  

k'acilit ies  and Resources under Grant FiiOO311-01. There i s  c o l l a b o r a t  i o n  

w i t h  t h e  work i n  t h e  Computer Science Department on a r t i f i c i a l  i n t e l l i -  

gence c a r r i e d  out under support  of t h e  Advanced Research P r o j e c t s  Agency 

SL) 183. In a d d i t i o n ,  worb i s  being done on "Genetic S tud ie s  of ;lam- 

malian Cells ," National  I n s t i t u t e s  of  Heal th  under Grant CAO4681-08. 

The r e l a t i o n s h i p  of t h e  work c a r r i e d  ou t  under t h i s  NASA g r a n t  t o  t h e s e  

o t h e r  a c t i v i t i e s  con t inues  t o  prove of g r e a t  mutual b e n e f i t  i n  a l l  ca ses .  

The gene ra l  p r o j e c t  areas of t h e  resume a re :  

I. Fluorometry 

11. Gas Chromatography and  O p t i c a l  Resolu t ion  

111. Mass Spectrometry 

TV. Computer Managed Instrument  a t  i o n  

V. Atmospheric E f f e c t s  on Photographic  Resolu t ion  
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These p r o j e c t s  c o n t r i b u t e  t o  t e c h n i c a l  mastery of problems i n  exobiology 

by f u r n i s h i n g  s p e c i f i c  a n a l y t i c a l  t echniques  of h igh  s e n s i t i v i t y  and 

d i s c r i m i n a t i o n  f o r  t he  d e t e c t i o n  of e x o t i c  l i f e .  I n  a d d i t i o n ,  t h e  

management of ins t rumenta t ion  i n  many l a b o r a t o r i e s  v i a  a time-shared 

computer ( t h e  ACME p r o j e c t )  i s  a system pro to type  f o r  t h e  automated 

b i o l o g i c a l  l abo ra to ry .  

A s t a t u s  r e p o r t  prepared by ACME f o r  N I H  covering t h i s  same repor t  

per iod  is  included as Appendix A of t h i s  r e p o r t .  

I n  connect ion wi th  t h e  work on Computer Manipulation of C h e m i c a l  

Hypotheses,  a r ecen t  r e p o r t  on DENDRAL - A Computer Program f o r  

Generat ing and F i l t e r i n g  Chemical S t r u c t u r e s ,  i s  included as Appendix B. 

Uuring t h e  s i x  month per iod  descr ibed  above, four  papers  were submitted 

t o  j o u r n a l s  f o r  pub l i ca t ion ,  i n  add i t ion  t o  those  of Professor  Djerassi's 

l a b o r a t o r y  and t h e  ACME group. A l i s t i n g  of t h e s e  papers i s  included 

i n  t h i s  s t a t u s  r e p o r t .  Information covering personnel  changes i s  

presented .  
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U .  PROCIWI RESUME 

I. Fluorometry 

A number of Bacillus bacteria have been isolated from Chilean desert 

soil and provisionally identified according to their aminopeptidase 

profile. These isolates are now being identified by classical taxonomic 

techniques at Ames Research Laboratory in order to test the usefulness 

of the aminopeptidase method of identification. In addition, other 

types of microorganisms including fungi and yeasts will be tested by 
Ames to see how widespread the aminopeptidases are in nature. 

11. Cas Chromatography and Optical Resolution 

a. Gas Clirg~~t-o~~phy- 

In order to try and understand wliat factors affect the GLC resolution 

of diastereoisomers a number of widely differing amides and esters have 

been synthesized and tested on tlie gas chromatograph. 

summarized in Table 1. 
The results are 

In the previous report we discussed the GLC behavior of diastereoisomeric 

menthyl esters and showed that it was necessary to have an additional 

amide function in the resolving agent to achieve separation of the 
diastereoisomers. In the diastereoisomeric amides this condition is not 

necessary, probably because of the greater rigidity of the amide bond. 

The importance of conformational immobility in the resolution of 
diastereoisomeric amides is further confirmed by the high wvalues 

obtained for the cyclic amines 2-ethylpiperidine and decahydroquinoline. 

Finally we have used CLC of diastereoisomers t o  correlate tlie absolute 

configuration or organic compounds. 

that diastereoisomers derived from a homologous series have similar 

chromatographic behavior (i.e., the L-L diastereoisomer has a longer 
retention volume than the L-1)). 

This is based on the observation 

Using this teclinique, we have already 
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c o r r e l a t e d  t h e  a b s o l u t e  c o n f i g u r a t i o n  of a series of crphenylacet ic  

a c i d s  and a r e  now us ing  GLC t o  c o r r e l a t e  t h e  c o n f i g u r a t i o n  of some 

n a t u r a l l y  occur r ing  a l k a l o i d  bases  w i t h  c y c l i c  amines of known con- 

f i g u r a t i o n .  

b. DetermJh-Et-ion of S t e r i c  PKrity of Pep t ides  by N N I  Spectroscopy 

Since clieniical modi f ica t ion  of a sample i s  not r equ i r ed  , N>lK spectroscopy 

may be a convenient technique f o r  t h e  de t e rmina t ion  of " o p t i c a l "  p u r i t y  

of  pep t ides .  Nagnetic non-equivalence i n  d i a s t e r e o i s o m e r i c  d i p e p t i d e s  

has been demonstrated ear l ie r  , but  a second s tudy us ing  s t r i c t  pH 

c o n t r o l  concluded t h a t  d i a s t e r e o i s o m e r i c  a l a n y l  p e p t i d e s  have i d e n t i c a l  

LQlll s p e c t r a .  We have now reexamined t h e  NYR d a t a  of d i a s t e r e o i s o m e r i c  

d i  and t r i  pep t ides  and ou r  r e s u l t s  show t h a t  NFIK can be used t o  d e t e c t  

contamination of one d ias te reo isomer  wi th  t h e  o t h e r .  The presence of 

an aromatic amino a c i d  i n  t h e  pep t ide  g r e a t l y  enliances t h e  observable  

change i n  chemical s h i f t  and i n  t h e s e  cases t h e  s t e r i c  p u r i t y  and t h e  

a b s o l u t e  conf igu ra t ion  of t h e  pep t ide  can be determined by NPIR (Fig.  1). 

1 

2 

Besides the de te rmina t ion  of o p t i c a l  p u r i t y  of f r e e  p e p t i d e s ,  much 

e f f o r t  has  been devoted t o  t h e  s tudy  of racemizat ion du r ing  t h e  fo r -  

mation of  t he  pep t ide  l i nkage .  Present  techniques r e l y  on t h e  s e p a r a t i o n  

of  ''model" d i a s t e reo i somers  by f r a c t i o n a l  c r y s t a l l i z a t i o n ,  counter  

c u r r e n t  d i s t r i b u t i o n ,  vapor phase chromatography, and paper chromatog- 

raphy. Because a cumbersome p h y s i c a l  s e p a r a t i o n  i s  no t  necessary when 

NPlK is  used t o  analyze d i a s t e r e o i s o m e r i c  m i x t u r e s ,  w e  have examined t h e  

methyl resonances of s e v e r a l  model n-acylated p e p t i d e  d e r i v a t i v e s  

(F ig .  2 ) .  Our r e s u l t s  sugges t  t h a t  a mtIi measurement is  a convenient 

technique t o  s tudy  racemizat ion i n  p e p t i d e  s y n t h e s i s .  A d e t a i l e d  

i n v e s t i g a t i o n  on t h e  i n f l u e n c e  of  coupl ing  a g e n t s ,  s o l v e n t  and N-acyl 

groups on t h e  s t e r i c  p u r i t y  of pep t ide  bond formation is  now i n  p rogres s .  

-. - 
IT. Wieland and 11. Uende, $9. 1%. , 98, 504 (1965).  

L M .  VanGorkom, 'Tetrahedron ------- ...--> L e t t e r s  5433 (1966).  
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FIGURES 1 and 2 

N.m.r. spectra in the region of the methyl resonance for alanyl peptides. 
alanine and D-alanyl-&alanine (1:9; D20; pH 5 ;  SDSS); (b) L-alanyl-L-phenylalanine and L-alanyl 
D-phenylalanine (3:l; D 0; pH 3; SDSS); (c) L-phenylalanyl-L-alanine and L-phenylalanine-D- 
alanine (1:9 ; D 0 ;  pH <$; SDSS) ; (d) DL-alanyl-DL-phenylalanine (commercial sample; D20; pH 5 ;  
SDSS) ; (e) glycyl-DL-phenylalanyl-D-alanine (D20; pH 5 ;  SDSS) ; ( f) glycyl-DL-alanyl-L-phenyl- 
alanine (D20; pH >lo; SDSS). 

(a) L-alanyl-D- 

2 
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111. >lass Spectrometry 

a .  A n a l y s i s  of -- Natu ra l  Products  

The Atlas (21-4 )lass Spectrometer i n  P ro fes so r  1)jerassi's l a b o r a t o r y  i n  

t h e  ljepartment of Chen~is t ry  has y i e lded  t h e  r e s u l t s  r epor t ed  i n  tlie 

fol lowing papers : 

Gutzwi l l c r ,  J . ;  Djerassi, C . :  Yass Spectrometry i n  S t r u c t u r a l  and 
Stereochemical Problems CXXI .  (Massenspektrometrie und i h r e  
Anwendung auf s t r u k t u r e l l e  und stereochemisclie Probleme CXXI .  
Fragment e i r ungen und \Ja s s e r s t o f f ve rs ch i eb un gen i n  4 - R e t  o- 
androstanen) .  Fe. Chim. Acta, kB_, 2106 (1366). 

l h f f i e l d ,  A .  ?I. ; Carpenter ,  i d .  ; Ujerassi, C. : ?lass Spectrometry 
i n  S t r u c t u r a l  and Stereochemical Problems C X X I A .  The Course 
of the 1,:lectron Impact Induced El iminat ion of !Iydrogen SulpIii.de 
from A l i p h a t i c  Th io l s .  ( h e m .  - Comm. , 109 (1967) . 

ljiekman, J .  ; IJjerassi, C.  : l l n ~ ~  Spectrometry i n  S t r u c t u r a l  and 
Stereocliemical Problems CXXV.  ;lass Spectrometry of Some 
S te ro id  Tr ime t l iy l s i l y l  I:thcrs. -- J .  (&. &>em-. , 32 ,  1005 (1967). 

13rw.m, P e t e r ;  IJjerassi, C .  : >lass Spectrometry i n  S t r u c t u r a l  and 
Stereocliemical Problems CXXX. A StuJy of Electron Impact 
Induced %Lgrntory Apti tudes.  ( I n  p r e s s )  

Ihrris, R .  1,. N .  ; Konitsky, F . ,  J r . ;  Djerassi, C .  : ?lass Spectromctry 
i n  S t r u c t u r a l  arid Stereocliemical I'robl e m s  C X X X I T .  L l ec t ron  
Impact Induced Alkyl and Aryl Kearrnn!:ements i n  a,fi-Unsa t u r a t c d  
Cyclic Ketones. (In p r e s s )  

Harris, I<.  L. i q . ;  Komitsky, F . ,  J r . ;  Iljerassi, C . :  llass Spectrometry 
i n  S t r u c t u r a l  and Stereocliemical Problems CXXXIV.  E l ec t ron  
Impact Induced Alliyl and A r y l  Rearrangements i n  crArylidene 
Cyclic Ketones. ( I n  p r c s s )  

Duf f i e ld ,  A .  : I . :  ;.lass Spectrometr ic  Fragmentation of Some Lignans. 
- J. --- l l e t e rocyc l i c  Chem., k,  16 (1957).  

Sliapiro, I(. 1 1 . ;  Serum, J. GJ.; h f f i e l d ,  A. i l . :  ;.lass Spectrometr ic  
and Thermal Fragmentation of 1-Subs t i tu ted  3-plienyl-2-thioureas. 
.- J. Or&. ?hen-. ( I n  p r e s s )  

-8- 



b. Sequence Analysis  of Pep t ides  by Mass Spectrometry 

T h e  de te rmina t ion  of t h e  amino ac id  sequence of  a p a r t i c u l a r  p r o t e i n  i s  

o f t e n  necessary f o r  an inc reased  understanding of a b i o l o g i c a l  p rocess .  

P re sen t  sequencing techniques rely on a s t epwise  chemical deg rada t ion  

procedure which i s  monitored by f luo rescence  l a b e l l i n g ,  t o t a l  h y d r o l y s i s  

of t h e  p e p t i d e  and a chromatographic s e p a r a t i o n .  Recently,  s e v e r a l  mass 

s p e c t r o m e t r i c  methods f o r  sequencing have been proposed which are based 

on t h e  f a c t  t h a t  t h e  s t r u c t u r e  of a l i n e a r  molecule i s  determined 

unequivocally by us ing  only the  p o s s i b l e  fragments which c o n t a i n  one end 

of t h e  cha in .  Thus i n  a molecule A-R-C-D-E-F, t h e  s i x  fragments of t h e  

molecule containinp, p a r t  A are s u f f i c i e n t  f o r  t h e  de t e rmina t ion  of  t h e  

sequence. Seve ra l  methods f o r  marking t h e  end of t h e  p e p t i d e  chain are 

p o s s i b l e ,  bu t  so f a r  only high r e s o l u t i o n  mass spectrometry combined 

wi th  a s o p h i s t i c a t e d  computer program appear t o  provide a gene ra l  method 

f o r  sequence a n a l y s i s .  

I n  view of  t h e  l a r g e  c a p i t a l  investment i n  such an  i n s t a l l a t i o n ,  w e  arc 

i n v e s t i g a t i n g  t h e  use o f  low r e s o l u t i o n  mass spectrometry f o r  this 

purpose.  Our approach invo lves  the  i n c o r p o r a t i o n  of c h l o r i n e  i n t o  t h e  

N-terminal amino a c i d  of t h e  pep t ide  chain.  Tlie i s o t o p e  r a t i o  of  t h e  

heteroatom ( 3 5 C l :  3 7 C l  = 7 5 . 5 : 2 4 . 5 )  assists i n  the  i d e n t i f i c a t i o n  of a l l  

c l i lo r ine  con ta in ing  fragments i n  the  mass spectrum and t h e  m / e  o f  t h e s e  

f raginents nive t h e  pep t ide  sequence. The chemical ope ra t ion  involved 

i n  t h e  c h l o r i n e  l a b e l l i n g  of t h e  pep t ide  i s  t h e  d i s s o l v i n g  of  t h e  sample 

i n  formic a c i d  and t r ea tmen t  with n i t r o s y l  c h l o r i d e  a t  O'C. 

removal of t h e  excess  reagent  and tile s o l v e n t ,  t h e  r e s idue  i s  t r e a t e d  

w i t h  diazometiiane. The r e s u l t i n g  ch lo ropep t idc  es ters  are then  used f o r  

mass spectrometry.  !lass s p e c t r a  of c h l o r i n e  l a b e l e d  t r i ,  t e t r a  and penta  

p e p t i d e s  con ta in ing  n e u t r a l  and a c i d i c  amino a c i d s  have a l r eady  y i e lded  

tlie c o r r e c t  arnino a c i d  sequence. The behavior  of  t h e  b a s i c  amino acid 

ant1 t y r o s i n e  i n  t h e  Iioc1 r e a c t i o n  and t h e  mass spectrometry of pep t ides  

c o n t a i n i n g  t h e s e  amino a c i d s  a r e  s t i l l  under i n v e s t i g a t i o n .  

A f t e r  

-9- 
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c. >lass S p e c t r a l  Microanalysis  of Organic S o l i d s  

We are con t inu ing  our  s tudy  i n t o  t h e  e f f i c a c y  of laser induced vapor- 

i z a t i o n  as a mechanism f o r  enab l ing  s p a t i a l  r e s o l u t i o n  i n  t h e  mass 

s p e c t r a l  a n a l y s i s  of o rgan ic  s o l i d s  of b i o l o g i c a l  i n t e r e s t .  

Experiments have been conducted wi th  an  Op t i c s  Technology Nodel 100 

pulsed ruby laser  coupled t o  a Bendix Time-of-Flight (TOF) mass spectrom- 

e te r  ([IS). The manufac turer ' s  s p e c i f i c a t i o n s  c i t e  a peak power of 

1 x 10 w a t t ,  pu l se  width of 0.5 x s ec ,  and beam divergence of 

0.5 x rad a t  t h re sho ld .  None of t h e s e  q u a n t i t i e s  are given p r e c i s e  

d e f i n i t i o n  by t h e  manufacturer.  

3 

Our measurements have i n d i c a t e d  a l a s i n g  th re sho ld  of 190  j o u l e s  i n p u t  

w i th  a l a s e r  output  of 3.5 x 10 j o u l e s  a t  t h e  maximum a v a i l a b l e  inpu t  

of  440 j o u l e s .  B e a m  

divergence a t  t h re sho ld  appears  t o  be i n  approximate accord wi th  t h e  

s p e c i f i e d  f igu re .  We have some evidence t h a t  t h e  f u l l  ang le  beam 

divergence a t  maximum output  is approximately 5 x r a d ;  w e  have n o t ,  

however, performed accurate de t e rmina t ions  of t h e  d i r e c t i o n a l  dependence 

of t h e  beam b r i g h t n e s s  of t h e  r a d i a t i o n  i s s u i n g  from t h e  laser.  

-2 

Tlie wavelength of t h e  laser r a d i a t i o n  i s  6 0 4 3  A'. 

Figure  3 i l l u s t r a t e s  s chemat i ca l ly  t h e  o p t i c a l  c o n f i g u r a t i o n  u t i l i z e d  

f o r  t h e  mass spec t ra l  s t u d i e s  undertaken t o  d a t e .  A p o r t i o n  of t h e  

r a d i a t i o n  i s s u i n g  h o r i z o n t a l l y  from t h e  pulsed ruby laser 1 is  r e f l e c t e d  

downward by t h e  beam s p l i t t e r  2- toward t h e  s imple biconvex converging 

l e n s  3- of f o c a l  l eng th  100 mm, t r a n s m i t t e d  through t h e  p l a n a r  g l a s s  

window 4- t o  focus a t  t h e  t a r g e t  5- supported by probe 6- i n s i d e  t h e  

sou rce  chamber i n  t h e  vacuum environment of t h e  XS. 

Alignment and aiming are accomplished by a r r a n g i n g  t h a t  t h e  quasi-CW 

r a d i a t i o n  from a 1 m i l l i w a t t  Optics  Technolop,y Model 170 Ile-Ne gas  laser  

7_, r e f l e c t e d  o f f  mi r ro r  1, p a r t i a l l y  t r a n s m i t t e d  through s p l i t t e r  2-, and 

r e f l e c t e d  o f f  t h e  ruby and mutual ly  p a r a l l e l  m i r r o r s  i n  the  laser  

-10- 
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head 1- r e t u r n s  t o  t h e  p o i n t  of o r i g i n  a t  t h e  gas laser .7_. Since t h i s  

alignment ensures normal r e f l e c t i o n  of CW r a d i a t i o n  o f f  ttie laser  o p t i c s ,  

i t  fol lows t h a t  t h e  pulsed ruby r a d i a t i o n  w i l l  b e  i n c i d e n t  a t  t h e  same 

po in t  on the t a r g e t  as t h a t  i l l umina ted  by t h e  p o r t i o n  of t h e  CIJ r a d i a t i o n  

fol lowing the path I 1-2-2-4-2. _- 

i s  a d j u s t e d  by h o r i z o n t a l  t r a n s l a t i o n  of t h e  converging l e n s  3. 
The p o i n t  of impact of t h e  l a se r  r a d i a t i o n  

Each 100 psec  t h e  :IS f i r e s  a 0.25 psec  d u r a t i o n  b u r s t  o f  i o n i z i n g  elec- 

t r o n s  t r a n s v e r s e l y  a c r o s s  t h e  sou rce  chamber immediately above t h a t  

t a r g e t .  TIiat p o r t i o n  of  t h e  material  t h a t  i s  vaporized by t h e  laser  and 

is  p o s i t i v e l y  ion ized  by each e l e c t r o n  b u r s t  is  impe l l ed ,  by a p p l i c a t i o n  

of a 2700 v o l t  k i c k ,  i n t o  a l i n e a r  f i e l d - f r e e  d r i f t  space a t  t h e  

t e rmina l  e n d  of which i s  a high speed i o n  d e t e c t o r .  

The vo l t age  k i c k  V impar t s  t o  each i o n  a v e l o c i t y  v given approximately 

where n i s  ttie number of e l e c t r o n s  removed from t h e  molecule,  e i s  t h e  

magnitude of t h e  e l e c t r o n i c  cha rge ,  and m i s  tlie mass of the ion .  The 

elapsed time between a p p l i c a t i o n  of t h e  k i c k  and d e t e c t i o n  of a r r i v a l  of  

an i o n  is given approximately by 

where t is tlie t r a n s i t  time down tlie d r i f t  t ube  of l e n g t h  R .  

S u b s t i t u t i o n  of (1) i n t o  (2)  y i e l d s  

t R d m / ( 2 n e ~ )  . 

Conversion of t he  mass-to-charge dependent v e l o c i t y  d i s p e r s i o n  i n t o  ion 

t i m e - o f  - a r r i v a l  d i s p e r s i o n  a t  t h e  d e t e c t o r  e n a b l e s  masses t o  be 

i d e n t i f i e d  from t h e  cathode r ay  o s c i l l o s c o p e  (CRO) d i s p l a y  of i o n  c u r r e n t  

ve r sus  time. The c a p t u r e  of  maximum s p e c t r a l  i n fo rma t ion  ove r  one o r  a 

success ion  of MS r e p e t i t i o n  c y c l e s  ( s e v e r a l  of t h e  100 p s e c  i n t e r v a l s )  

has involved photographing t h e  CKO d i s p l a y  of o u t p u t .  U t i l i z a t i o n  of  a 

-12- 



procedure based upon t h e  approximate q u a d r a t i c  r e l a t i o n s h i p  between m 

and t expressed i n  (2b) has  enabled us  t o  a s s o c i a t e  mass numbers wi th  

recorded peaks ou t  t o  t h e  neighborhood of  400 atomic mass u n i t s  (amu). 

Figure 4 i s  a schematic  r ep resen ta t ion  of t h e  i n i t i a l  ve r s ion  of  t h e  

pu l s ing  c i r c u i t r y  u t i l i z e d  e x t e r n a l  t o  t h e  1.1s t o  enable  t h e  record ing  

of e i t h e r  one o r  a series of success ive  s p e c t r a .  The system a l lows  f o r  

t h e  es tab l i shment  of a c o n t r o l l a b l e  de lay  between f i r i n g  of t h e  laser 

and t h e  i n i t i a t i o n  of  t h e  CRO d i sp lay .  The number of  success ive  s p e c t r a  

d i sp l ayed  can be f r e e l y  va r i ed .  Successive s p e c t r a  are v e r t i c a l l y  

d i s p l a c e d  from one ano the r  on t h e  CRO. The j o i n t  r e s o l u t i o n  of t h e  CRO 

and t h e  10,000 ASA Pola ro id  f i l m  is i n s u f f i c i e n t  t o  enable  unambiguous 

mass i d e n t i f i c a t i o n  over  t h e  range 0-400 on a s i n g l e  trace. Recording 

of  t h i s  mass range has  g e n e r a l l y  requi red  5 t o  10  laser  s h o t s ,  t h e  mass 

range window f o r  each sho t  be ing  success ive ly  d i sp laced  t o  h igher  masses. 

The m a s s  s p e c t r a l  a n a l y s i s  of  t h e  vapor  produced by l a s e r  i r r a d i a t i o n  of  

a powdered c r y s t a l l i n e  t a r g e t  o f  N-dinitrophenyl (I”)-L-isoleucine _- i s  

p resen ted  i n  Table  2.  There is  a l s o  p re sen ted ,  f o r  comparative purposes 

i n  t h i s  t a b l e ,  t h e  spectrum obtained by convent iona l  c r u c i b l e  warming of  

t h e  same sample t o  4OOC. 

sample are presented  i n  Figure 5 .  

The s t r u c t u r a l  and graphic  formulae f o r  t h i s  

W e  have found a high degree of v a r i a b i l i t y  i n  t h e  ampli tude of t h e  spec- 

trum on repea ted  runs wi th  d i f f e r e n t  p repa ra t ions  of  t h e  same t a r g e t  

material .  We a t  f i r s t  suspec ted  t h e  l a s e r - o p t i c a l  cha in  ( l a s e r  o u t p u t ,  

o p t i c a l  a l ignment ,  sample placement).  It i s  ou r  p re sen t  b e l i e f ,  however, 

t h a t  t h e  degree of powdering of  t he  c r y s t a l l i n e  material has  been 

r e s p o n s i b l e  f o r  most of t h e  v a r i a b i l i t y .  

The photographic  record ing  process  and subsequent i d e n t i f i c a t i o n  and 

e v a l u a t i o n  of  mass peaks is  a t  p resent  a t i m e  consuming process  t h a t  

does  n o t  r e a d i l y  lend  i t s e l f  t o  rapid scanning of a heterogeneous t a r g e t .  

-13- 
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FIGURE 4 

Block Diagram of Pulse Circuitry U t i l i z e d  to Enable Recording 

of Either One or a Series of Successive Mass Spectra 
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EMPIRICAL FORMULA OF (DNP) - L -  ISOLEUCINE: C,, Hlb 0, N3 

/- C \ 
/ ", \ / NO2 I 

I II I 
C c I30 

/I 67 

GRAPHIC FORMULA OF ( O N P I - I -  ISOLEUCINE 

FIGURE 5 

Empirical and Graphic Formulae for (DNP)-L-Isoleucine. 

The dashed lines suggest non-rearrangement subgroupings of 

atoms that might give some of observed mass numbers. 



This  l i m i t a t i o n  is  f o r  t h e  moment, however, academic. For w e  have 

found t h a t  t h e  p re sen t  experimental  laser c o n f i g u r a t i o n  appears  t o  

d e l i v e r  i n s u f f i c i e n t  focused pulsed a r e a l  energy d e n s i t y  t o  vapor i ze  

many p o t e n t i a l l y  i n t e r e s t i n g  materials. We a r e  now undertaking a re- 

in s t rumen ta t ion  designed t o  r e c t i f y  t h i s  de f i c i ency .  

Our r e ins t rumen ta t ion  is  in tended  t o  accomplish t h r e e  purposes:  

(1) Reduction of  t h e  focused spot  s i z e ;  

(2) ?fore p r e c i s e  aiming of t h e  l a s e r ;  

(3) An i n c r e a s e  of  t h e  areal  energy d e n s i t y  d e l i v e r e d  a t  t h e  focus of 

t h e  laser beam. 

It i s  convenient ,  f o r  t h e  purpose of d i scuss ing  our  approach, t o  i n t r o -  

duce t h e  concept of b r i g h t n e s s  def ined  by t h e  r e l a t i o n  

B( r , i ? , t )  -+ = d2P(;,fi, t )  
du, dA, n n  

9 ( 3 )  

+ 
where r denotes  p o s i t i o n  i n  space ,  fi a d i r e c t i o n  a t  t h a t  p o s i t i o n ,  

t t i m e ,  dw, an element of s o l i d  ang le  about f i ,  and dAA an  element 

of  area or thogonal  t o  i? a t  t h e  p o s i t i o n  r. 
-f 

n 

It is p o s s i b l e  t o  demonstrate ,  though w e  s h a l l  no t  do so  here, t h a t  i n  

t h e  geometr ica l  o p t i c s  l i m i t  t h e  ray  b r i g h t n e s s  i n  a loss less ,  

homogeneous, i s o t r o p i c  medium i s  a r a y  i n v a r i a n t  ; i. e. , t h e  b r i g h t n e s s  

propagat ing  a long  a r ay  wi th  t h e  speed of l i g h t  i n  t h e  medium i s  a con- 

s t a n t  of t h e  motion. 

Except f o r  accountable  l o s s e s  a r i s i n g  from r e f l e c t i o n ,  abso rp t ion ,  e t c . ,  

i t  fo l lows  t h a t  t h e  b r i g h t n e s s  of t h e  laser r a d i a t i o n  propagat ing from 

t h e  laser t o  t h e  focus of an introduced converging l e n s  i s  i n v a r i a n t .  

The computation of t h e  power de l ive red  p e r  u n i t  area i n  t h e  d i r e c t i o n  

of  t h e  o p t i c a l  a x i s  of t h e  system and a t  t h e  v i c i n i t y  of  c rossover  of 
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( 5 )  dU 2 
dA -- - BTU . 

For a given laser b r i g h t n e s s ,  t h e  d e l i v e r e d  power d e n s i t y  i s  optimized 

then by opening up t h e  s o l i d  ang le  i n t o  which t h e  r a d i a t i o n  i s  condensed. 

I f  i t  happens t h a t  co l l ima ted  l i g h t  e n t e r s  t h e  l e n s  element immediately 

preceding the focus then  i n  terms of t h e  F-number of  t h e  l e n s ,  de f ined  

by 

F = f/D, ( 6 )  

-18- 
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the r a y s ,  t h e  "point"  of focus ,  may be deduced from knowledge of  t h e  

b r i g h t n e s s  throughout t h e  r a d i a t i o n  f i e l d  on a t r a n s v e r s e  s e c t i o n  

d i r e c t l y  i n  f r o n t  of t h e  rod ,  s p e c i f i c a t i o n  of t h e  o p t i c s ,  and an  

a p p r o p r i a t e  i n t e g r a t i o n  u t i l i z i n g  E q .  (3)  a t  t h e  focus.  We s h a l l  f o r  

t h i s  d i scuss ion  make t h e  fol lowing s i m p l i f y i n g  assumptions: 1 )  t h e  

b r i g h t n e s s  is  uniform throughout t h e  cone of d i r e c t i o n s  i n t o  which t h e  

p r i n c i p l e  p o r t i o n  of t h e  laser  r a d i a t i o n  i s s u e s  from t h e  rod ,  and 2 )  

c o r r e c t i o n  f a c t o r s  r e l a t e d  t o  t h e  o b l i q u i t y  of r ays  t o  t h e  o p t i c a l  a x i s  

can be neg lec t ed .  We thus  can conclude from Eq .  (1)  t h a t  t h e  power 

d e l i v e r e d  per u n i t  area a t  t h e  focus i s , n e g l e c t i n g  l o s s e s ,  

where 1) i s  t h e  laser b r i g h t n e s s  and w i s  t h e  s o l i d  ang le  of  con- 

vergence of t h e  r a d i a t i o n  t o  t h e  focus .  

Expression ( 4 )  t e l l s  us  t h a t  i n  o r d e r  t o  opt imize d e l i v e r e d  areal  power 

d e n s i t y  one must s e c u r e  a b r i g h t  laser and condense t h e  r a d i a t i o n  i n t o  

t h e  focus through t h e  l a r g e s t  p o s s i b l e  s o l i d  ang le .  It i s  a n t i c i p a t e d  

t h a t  what one must opt imize i s  some blend of areal  power d e n s i t y  and 

areal energy d e n s i t y  d e l i v e r e d  i n  t h e  p u l s e .  The d e l i v e r e d  areal energy 

d e n s i t y  can be expressed i n  terms of  a r e p r e s e n t a t i v e  p u l s e  b r i g h t n e s s  

B and pu l se  width T by 



where f is t h e  l e n s  f o c a l  length  and L) is t h e  l e n s  d iameter ,  ( 4 )  may 

be w r i t t e n  

There i s  a fundamental  t h e o r e t i c a l  l i m i t a t i o n  on t h e  b r i g h t n e s s  of a 

laser ,  which may be deduced a s  fol lows.  S impl i fy ing  (3) i n  a manner 

c o n s i s t e n t  wi th  t h e  approximation, t h e  laser b r igh tness  may b e  expressed 

i n  t h e  form 

where P is t h e  laser power, w i s  t h e  s o l i d  ang le  i n t o  which t h e  l a s e r  

emi ts  i t s  r a d i a t i o n ,  and A i s  the  c ros s - sec t iona l  area of t h e  rod. I n  

t e r m s  of t h e  f u l l  ang le  beam spread 

may b e  expressed as 
ef of t h e  laser ,  t h e  s o l i d  angle  

Expressing A i n  terms of the rod d iameter  D ,  

2 A = 1~(r1/2) , 

w e  o b t a i n ,  upon s u b s t i t u t i o n  of (9)  and (10) i n t o  ( 3 ) )  

The minimum t h e o r e t i c a l l y  a t t a i n a b l e  va lue  f o r  t h e  f u l l  an!?le 

determined by d i f f r a c t i o n  l i m i t a t i o n s  t o  be  

Of i s  

Q., 

ef = A I D  , 
where h i s  t h e  wavelength of the l a s e r  r a d i a t i o n .  Thus w e  o b t a i n  

(13) 
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The maximum power d e n s i t y  i n  t h e  v i c i n i t y  of tlie "point" of focus of t h e  

condensed r a d i a t i o n  w i l l  be l i m i t e d ,  r e f e r r i n g  t o  ( 7 ) ,  t h e r e f o r e  t o  

And s i n c e  i n  p r a c t i c e  

(14) becomes 

% 
F ' 1 ,  

% P  

lTX 

< -- dP 
dA 
- 

2 '  
focus 

Expression (16) i s ,  of c o u r s e ,  c o n s i s t e n t  w i th  our  r e c o g n i t i o n  of t h e  

fac t  t h a t  with l i g h t  of wavelength X i t  i s  impossible  t o  form a f o c a l  

s p o t  of s ize  smaller  t han  A .  

In our  r e ins t rumen ta t ion  w e  are ,  with r e f e r e n c e  t o  ( 4 ) ,  op t imiz ing  o 

while  planning f o r  t h e  moment t o  use t h e  same laser  w e  have employed f o r  

ou r  ea r l i e r  work. A schematic  of  t h c  o p t i c a l  s y s t e m  now under con- 

s t r u c t i o n  is given i n  Figure 6 .  

The r a d i a t i o n  i s s u i n g  h o r i z o n t a l l y  from t h e  1 /4"  d iameter  ruby rod i n  

t h e  laser 1_, i s  diverged by t h e  s imple plano-concave-73 mm f o c a l  l eng th  

l e n s  2-, r e f l e c t e d  downward by m i r r o r  2 condensed by an  35 mm f o c a l  l eng th  

F:1.4 Komura "35 mm camera" o b j e c t i v e  p l aced  % 650 mm from l e n s  2, and 

d i r e c t e d  tlirough a p l a n a r  g l a s s  window t o  a focus  a t  t h e  t a r g e t .  

The r a t i o  of d e l i v e r e d  energy d e n s i t y  a t  t h e  focus achieved with tlie 

d ive rg ing  element 1 t o  t h a t  ob ta ined  wi thout  t h e  element i s  i d e a l l y  

-20- 



FIGURE 6 

Schematic of Laser Optical Configuration 

Presently Under Construction 
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w (dU/dA) focus focus 

(dU/dA) focus focus 

wi th  2 % - - with  2 

without  2 without  2 
w 

= 60 

It i s  c l e a r  t h a t  t h e  % 60-fold i n c r e a s e  i n  energy d e n s i t y  has  been 

accompanied by an 

Lens lo s ses  and in s t rumen ta l  a p e r t u r e  c o n s t r a i n t s  i n  t h e  MS source  w i l l  

l i m i t  us to  somewhat less than  t h e  60-fold t h e o r e t i c a l  enhancement. We 

have i n  a l abora to ry  mockup of t h e  system been a b l e  t o  produce 3% 

diameter  c r a t e r s  i n  s t ee l  wi th  t h e  % 10 m i l l i j o u l e s  t r ansmi t t ed  t o  t h e  

t a r g e t .  

8-fold r educ t ion  i n  t h e  s p o t  s i z e  a t  t h e  focus.  

We plan with t h i s  new system t o  i r r a d i a t e  va r ious  p o r t i o n s  of t h e  sample  

by moving the  sample  about beneath t h e  focused laser  r a d i a t i o n ,  r a t h e r  

than by moving t h e  p o i n t  of focus as wi th  t h e  earlier s y s t e m .  

d. Computer Manipulation of Chemical Hypotheses  

This  work is mainly supported by ARPA c o n t r a c t  under t h e  d i r e c t i o n  of 

Professor  E. Feigenbaum, but  P ro fes so r  Lederberg ' s  p a r t  i n  i t  i s  

p e r t i n e n t  t o  t h e  p re sen t  NASA c o n t r a c t .  

A po l i shed  form of t h e  DENDRAL program has  now been t r a n s l a t e d  and is 

running smoothly on t h e  PDP-6 LISP system. 

d e t a i l e d  documentation is included as an appendix t o  t h i s  r e p o r t ,  

t oge the r  with an example of w e l l - f i l t e r e d  ou tpu t  of t h e  ISOMERS func t ion .  

A r ecen t  r e p o r t  g iv ing  

-22- 



100 

90 

80 

40 

30 

20 

IO 
rl 

FIGURE 7 

5b Sb 7'0 

FIGURE 8 

* 
Threonine: I d e a l i z e d  Spectrum (Fig .  7 ) ,  Actual  Spectrum (Fig.  8 )  

* 
N .  Mart in ,  "An I n v e s t i g a t i o n  of t h e  Xass Spect ra  of  Twenty-Two Free Amino Acids ,"  
NASA Technica l  Report No. IlU-1035, Ins t rumenta t ion  Research Laboratory,  Genet ics  
Department, S tanford  Un ive r s i ty ,  Palo Al to ,  C a l i f o r n i a ,  p. 26 (1965). 
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I 

The program w i l l  now s o l v e  mass s p e c t r a l  problems based on a p r i m i t i v e ,  

approximate theo ry  of molecular f ragmentat ion,  t a k i n g  only a few seconds 

f o r  t h e  example of  t h reon ine .  The inpu t  d a t a  are an i d e a l i z e d  spectrum 

such as would be obtained i f  each chemical bond had an  equa l  p r o b a b i l i t y  

of rup tu r ing  t o  gene ra t e  two fragment i o n s  (F ig .7 ) .  A more r e a l i s t i c  

theory of  mass spectrometry i s  now be ing  programmed t o  al low real  d a t a  

(F ig .  8 )  t o  be i n t e r p r e t e d .  

I V .  Computer ?Imaged Ins t rumen ta t ion  

a .  ACME Progray 

A s  discussed i n  t h e  last  s t a t u s  r e p o r t ,  t h e  Ins t rumen ta t ion  Laboratory 

i s  engaged i n  a coope ra t ive  program wi th  t h e  Advanced Computer f o r  

Xedical Research Group (AC>lE).  A s t a t u s  r e p o r t  prepared by ACME f o r  t h e  

I!Ili covering this same r e p o r t  pe r iod  i s  included as an  appendix t o  t h i s  

r e p o r t .  This r e p o r t  d e s c r i b e s  some of t h e  c o l l a b o r a t i v e  e f f o r t s  of both 

a c t i v i t i e s .  

One such c o l l a b o r a t i v e  e f f o r t  has  been t h e  des ign  and c o n s t r u c t i o n  of a 

computer dr iven CKT. This  u t i l i z e d  a 4 K  c o r e  memory supp l i ed  by TRL 

which w a s  s u i t a b l e  f o r  a r e c i r c u l a t  inp,, computer-driven, d i s p l a y .  The 

tecliniques a r e  a p p l i c a b l e  t o  us ing  PDP-8's o r  L I N C  computers as a b a s i s  

f o r  CRT d i s p l a y s .  This  i s  p a r t i c u l a r l y  p e r t i n e n t  s i n c e  t h e r e  are q u i t e  

a number of t h e s e  small computers e x i s t i n g  w i t h i n  t h e  Ibledical School. 

Ce r t a in  requirements of  IKL,  i n c l u d i n g  mass spectrometry i n s t r u m e n t a t i o n ,  

w i l l  r e q u i r e  a reasonably high speed i n p u t  t o  t h e  ACXE 360/50. 

u n i t  has  been b u i l t  by IB>l  and termed a "270X." 

d e l i v e r e d  and i n s t a l l e d  as p a r t  of t h e  ACNE 360/50 system. It h a s  

undergone prel iminary t e s t i n g  and i t  appears  t h a t  i t  w i l l  be q u i t e  

s u i t a b l e  f o r  t h e  needs of t h i s  l a b o r a t o r y .  

Such a 

One such u n i t  has  been 
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Some proposed uses  of t h e  270X w i l l  r e q u i r e  d i g i t a l  p l o t t i n g  a t  t h e  

experiment s i t e .  This  l abora to ry  has  connected t h e i r  Calcomp d i g i t a l  

p l o t t e r  t o  t h e  270X a t  t h e  ACME s i t e .  The ACME programmers have w r i t t e n  

p l o t  programs t o  demonstrate t h e  t e c h n i c a l  u s e  of t h e  270X t o  d r i v e  t h i s  

p l o t t e r .  

c a p a b i l i t y  w i l l  be a v a i l a b l e  a t  any remote 270X l abora to ry  i n s t a l l a t i o n  

wi thout  a d d i t i o n a l  ex tens ive  c o s t s  f o r  p l o t t e r  i n t e r f a c e s .  T h e  AQ11: 

programmers are coopera t ing  i n  adapt ing t h e  Calcomp r o u t i n e s  t o  this 

load  of opera t ion .  I f  s u c c e s s f u l ,  t h i s  w i l l  make i t  much e a s i e r  f o r  

t h e  r e sea rche r  i n  h i s  l a b o r a t o r y  t o  program high q u a l i t y  and informat ive  

g raph ica l  ou tpu t s .  

This  w i l l  be  q u i t e  b e n e f i c i a l  as i t  i n s u r e s  t h a t  p l o t t i n g  

b.  Mass Spectrometry 

The a c t i v i t y  i n  computer ins t rumenta t ion  f o r  mass spectrometers  have 

r e l a t e d  t o  t h e  Bendix TOF, t h e  A E I  MS-9 mass spectrometer  i n  t h e  

Chemistry Department, and t h e  EA1 300 Quadrupole mass spectrometer .  

1. Mass Peak I d e n t i f i c a t i o n  f o r  t h e  Bendix TOF Mass Spectrometer 

A s  r epor t ed  i n  p a r t  I V ,  s e c t i o n  b.  of  t h e  prev ious  s t a t u s  r e p o r t ,  m a s s  

s p e c t r a  from t h e  Bendix TOF a r e  being s e n t  through a loga r i thmic  

a m p l i f i e r  then  d i g i t i z e d  and s t o r e d  on magnetic t a p e  by t h e  L I N C  computer. 

Also included i n  t h e  r epor t  w a s  the  procedure of applying a t ransformat ion  

t o  t h e  t i m e  a x i s  of t h e  s p e c t r a  i n  an at tempt  t o  p lace  the  mass p o s i t i o n s  

a t  equa l  i n t e r v a l s  on t h i s  t i m e  ax i s .  Because of c e r t a i n  d r i f t s  i n  t h e  

TOF, t h e  mass va lues  of t h i s  a l t e r e d  spectrum cannot be accu ra t e ly  

determined simply by t h e i r  p o s i t i o n  on t h e  new scale. 

desc r ibed  p rev ious ly  f o r  determining t h e i r  p o s i t i o n  w a s  q u i t e  t i m e  

consuming wi th  t h e  l i m i t e d  computational a b i l i t i e s  of t he  L I N C  and w i l l  

have t o  w a i t  f o r  t h e  implementation of  t h e  ACME system f o r  p r a c t i c a l  

us  age.  

The method 

A method has  been developed f o r  i d e n t i f y i n g  i n t e g e r  mass peaks by 

u t i l i z i n g  t h e  d i sp lay  scope of the L I N C  computer t o  d i sp l ay  a po r t ion  

of a spectrum and a ras ter  of the  peak p o s i t i o n s .  
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I 

The p r e s e n t  method d i s p l a y s  a p o r t i o n  of t h e  spectrum ( a f t e r  t h e  rough 

l i n e a r i z a t i o n )  on t h e  sc reen  wi th  a genera ted  raster i n d i c a t i n g  t h e  

approximate sepa ra t ion  of t h e  mass p o s i t i o n s  ( s e e  F igure  9 ) .  

can be  s t r e t c h e d  and t r a n s l a t e d  us ing  t h e  poten t iometers  on t h e  L I N C  

console  t o  f i t  t h e  peak p o s i t i o n s  of t h e  d i sp layed  spectrum. This 

approach combines t h e  u s e r ' s  a b i l i t y  t o  d i s t i n g u i s h  meaningful peaks 

w i t h  t h e  computer 's  capac i ty  t o  c a l c u l a t e  t h e  raster, s t o r e  t h e  d i g i t i z e d  

spectrum, and s t o r e  t h e  informat ion  about t h e  m a s s  peaks once t h e  use r  

has  a d j u s t e d  t h e  raster t o  f i t  t h e  p a r t i c u l a r  p a r t  of t h e  spectrum 

be ing  d isp layed .  

The raster 

FIGURE 9 

A Po r t ion  of  a Mass Spectrum 
a s  Displayed on t h e  L I N C  Osc i l l o scope  

The program is opera ted  under t h e  l o c a l l y  w r i t t e n  LOSS monitor  system 

( s e e  R. K. ivloore, An Operat ing System f o r  t h e  L I N C  Computer, NASA 

Technical  Report No. IRL-1038) and uses  i ts  convent ions  f o r  handl ing  

t h e  d a t a  t ape  ( t h e  spectrum).  

p o r t i o n  of  the  spectrum ( a c t u a l l y  t h e  t ransformed spectrum as desc r ibed  

above) is read i n t o  t h e  memory and d i sp layed  on t h e  o s c i l l o s c o p e  (8 c m  

by 8 c m  d i sp l ay  a r e a ) .  About 40 mass p o s i t i o n s  are w i t h i n  view of t h e  

Upon load ing  t h e  program, t h e  f i r s t  
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use r .  I n i t i a l l y  t h e  u s e r  pos i t i ons  an  i l l umina ted  "poin ter"  over  a 

known mass peak and e n t e r s  t h e  a s soc ia t ed  m a s s  va lue  us ing  poten t iometers  

on t h e  console .  

t h e  spectrum wi th  t h e  p a r t i c u l a r  mass p o s i t i o n .  A t  t h i s  t i m e  a r a s t e r  

i s  a l s o  d isp layed  on t h e  sc reen  with mass p o s i t i o n s  equal  t o  ze ro  modulo 

f i v e  being enhanced. 

based on t h e  p a r t i c u l a r  p o s i t i o n  and mass number en te red  through t h e  

poten t iometers .  The d i s t a n c e  between t h e  elements of t h e  raster may 

now be expanded u n t i l  t h e  elements and t h e  mass peaks coincide.  This 

expansion t a k e s  p l ace  about t h e  re ference  mass previous ly  mentioned s o  

as n o t  t o  d i s t u r b  i t s  pos i t i on .  The use r  can,  however, t r a n s l a t e  t h e  

en t i r e  spectrum t o  improve t h e  matching between t h e  raster and t h e  

observed mass peaks by a d j u s t i n g  another  po ten t iometer .  

L i f t i n g  a console  swi tch  i d e n t i f i e s  t h i s  p o s i t i o n  i n  

Thus a r a s t e r  i s  developed f o r  t h e  set  of peaks 

With t h e  matching accomplished the  r e sea rche r  can now e i t h e r  have t h e  

ampli tudes a t  t h e  m a s s  p o s i t i o n s  typed o u t  ( s t i l l  i n  logar i thm form) o r ,  

by s e t t i n g  a swi tch  recorded on magnetic t ape  f o r  f u r t h e r  process ing  

( s e e  below). 

between a set of v e r t i c a l  b a r s  on t h e  sc reen  which act  as parentheses  

around t h e  masses under cons idera t ion .  The u s e r  has  complete f l e x i b i l i t y  

i n  determining t h e  p o r t i o n  of t h e  d i sp layed  peaks t o  type  o r  record  o r  

may i n v e s t i g a t e  an area more than once t o  observe changes due t o  

a l t e r i n g  t h e  raster. I n  gene ra l ,  t h e  l a t t e r  w i l l  y i e l d  l i t t l e  change 

s i n c e  t h e  program sea rches  h a l f  a peak on e i t h e r  s i d e  of t h e  r a s t e r  

p o s i t i o n  t o  f i n d  t h e  maximum i n  t h e  s i g n a l .  

The mass p o s i t i o n s  considered i n  t h i s  ope ra t ion  are  those  

Having i n v e s t i g a t e d  t h e  displayed p o r t i o n  of  t h e  spectrum t h e  u s e r  moves 

t h e  r e f e r e n c e  m a s s  up t o  a pos i t i on  i n  t h e  r ightmost  q u a r t e r  of t h e  

s c r e e n  by moving t h e  p o i n t e r  t o  a mass p o s i t i o n  on t h e  raster and l i f t -  

i n g  a t o g g l e  swi tch .  

r igh tmost  q u a r t e r  of t h e  sc reen  t o  t h e  extreme l e f t  and read i n  t h e  next 

p o r t i o n  of t h e  spectrum. 

set  of mass va lues  typed o r  recorded. 

L i f t i n g  another  swi tch  w i l l  move t h e  d a t a  on t h e  

The r a s t e r  can aga in  be  ad jus t ed  and another  
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I n  a c t u a l  p r a c t i c e  i t  has  been found t h a t  only a s l i g h t  amount of raster 

adjustment is  needed ( l e s s  than  a peak width) i n  any one p o r t i o n  of t h e  

spectrum and thus t h e  u s e r  can move along q u i t e  r ap id ly .  This  la t ter  

cond i t ion  prompts one t o  t h i n k  about automatic  adjustment of t h e  s c a l e  

us ing  an algori thm which examines t h e  spectrum t o  f i n d  t h e  spac ing  f o r  

each success ive  po r t ion .  While t h i s  would work w e l l  i n  t h e  lower p a r t  

of t h e  spectrum (say up t o  mass 75), t h e  l a r g e  voids  i n  t h e  h ighe r  mass 

reg ions  make these  methods undependable. 

a use r  can cover  t h e  mass p o s i t i o n s  up t o  300 i n  t h r e e  o r  fou r  minutes 

i f  t h e  output  is being s t o r e d  on t a p e  r a t h e r  than typed.  

Once f a m i l i a r  wi th  t h e  s y s t e m ,  

Once t h e  da t a  is on magnetic t ape  i n  t h e  form of mass number and am- 

p l i t u d e  number p a i r s ,  i t  i s  r e a d i l y  usable  i n  a number of ways. 

can be put  on s tandard  seven channel  d i g i t a l  t a p e  o r  poss ib ly  s e n t  

d i r e c t l y  t o  another  computer as intended under t h e  ACME concept.  

P re sen t ly  the  d a t a  i s  used as i npu t  t o  another  L I N C  program which t a k e s  

t h e  a n t i l o g  of t h e  mass ampli tudes and produces a ba r  graph ( see  Fig.10) 

i n  which the l a r g e s t  peak is  considered t o  have va lue  100 and a l l  o t h e r  

peaks are sca led  accord ingly .  

It 

The ou tpu t ,  peak i d e n t i f i c a t i o n  and b a r  graph i s  much t h e  same as t h a t  

repor ted  previous ly ,  however, from a cons iderably  d i f f e r e n t  approach. 

The method descr ibed h e r e  i s  b a s i c a l l y  s impler  and r e q u i r e s  less computer 

capac i ty  but r e q u i r e s  much more machine-operator i n t e r a c t i o n .  

t h e r e  is  much t o  be s a i d  f o r  both approaches,  depending o n  t h e  computer 

f a c i l i t y  a v a i l a b l e ,  i t  is  f e l t  t h a t  pursuing both  methods i s  w e l l  worth- 

while.  

Since 

2. MS-9 Fast Scan Data Acqu i s i t i on  

This  l abora to ry  is  coopera t ing  wi th  t h e  Chemistry Department of S tanford  

t o  instrument t h e  A E I  MS-9 mass spec t rometer  i n  a f a s t  s can ,  on-l ine 

sys t em.  
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The MS-9 i s  a h igh  r e s o l u t i o n  mass spec t rometer .  Though i n  i t s  i n i t i a l  

con f igu ra t ion  w a s  a r a t h e r  slow instrument  wi th  regard  t o  ga the r ing  

d a t a ,  t h e  high r e s o l u t i o n  a b i l i t y  of t h i s  instrument  h a s  made i t  of 

g r e a t  i n t e r e s t  t o  our depar tment ' s  work. 

t h e  manufacturer of t h i s  instrument  announced p lans  t o  provide a h igh  

speed c a p a b i l i t y  u t i l i z i n g  magnetic tape .  Actual  a b i l i t y  of t h e  manu- 

f a c t u r e r  t o  d e l i v e r  matured very slowly and only i n  t h e  las t  few months 

has  t h i s  a b i l i t y  been ev iden t .  I n  t h e  meantime, assessments by our  

group ind ica t ed  t h a t  t h e  technique employed, a l though u s e f u l ,  w a s  l i m i t e d  

by t h e  s t a t e  of t h e  a r t  i n  analog magnetic record ings .  It w a s  concluded 

t h a t  much w a s  t o  be gained,  a t  very l i t t l e  e x t r a  c o s t ,  by d i r e c t  computer 

connect ion.  This  would put  t h e  r e sea rche r  i n  much b e t t e r  c o n t r o l  of h i s  

experiment and enable  him t o  more e f f e c t i v e l y  d i r e c t  t h e  course  of t h e  

experiment o r  d a t a  a n a l y s i s .  

A s  e a r l y  as two yea r s  ago, 

The a v a i l a b i l i t y  of ACME, t h e  prev ious ly  mentioned 270X remote d i g i t a l  

connect ion t o  t h e  360/50, and t h e  d i g i t a l  p l o t t i n g  c a p a b i l i t y  are 

important  t o  t h i s  p r o j e c t .  

General  t e c h n i c a l  planning f o r  t h i s  MS-9 p r o j e c t  was completed e a r l y  i n  

t h i s  r epor t ing  per iod .  An occas ion  a r o s e  i n  February f o r  one of our 

engineer ing  s t a f f  t o  v i s i t  t h e  manufacturer  of  t h e  MS-9. A t  t h a t  t i m e  

information w a s  ga thered  enabl ing  t h e  f i n a l  d e c i s i o n  on which of t h e  

manufacturer ' s  modi f ica t ion  would be used and which would be developed 

by t h i s  l abora to ry .  The t i m e  schedule  f o r  t h i s  MS-9 p r o j e c t  ca l l s  f o r  

completion t o  t h e  po in t  of hardware and program debugging by t h e  end of 

J u l y  1967  and an o p e r a t i o n a l  system by November 1967. 

of t h i s  p r o j e c t ,  f u l l  d e t a i l s  w i l l  be r epor t ed .  

Upon completion 

3 .  Ins t rumenta t ion  of t h e  EA1 Quadrupole Mass Spectrometer  

During t h i s  r e p o r t i n g  pe r iod  a d e c i s i o n  w a s  made t o  develop a computer 

i n t e r f a c e  fo r  t h e  EA1 ( E l e c t r o n i c  Assoc ia tes  Inc . )  QUAD 300 Quadrupole 

mass spectrometer .  This  mass spec t rometer  i s  connected t o  analyze t h e  
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e f f l u e n t  from a Varian aerograph gas chromatograph i n  connect ion with 

Pas t eu r  Probe experiments.  

The EA1 Quadrupole m a s s  spectrometer  and t h e  Bendix TOF mass spectrom- 

e ter ,  though completely d i f f e r e n t  i n  p r i n c i p l e s  of o p e r a t i o n ,  do have 

s imi la r i t i es  i n  c o n t r o l  of mass sampling p o s i t i o n .  With f a i r l y  minor 

changes t o  t h e  i n t e r f a c e ,  i t  would b e  s u i t a b l e  f o r  e i t h e r  m a s s  spectrom- 

e ter .  With s u i t a b l e  minor a l t e r a t i o n s  i t  can ope ra t e  o f f  of e i t h e r  t h e  

LINC computer o r  t h e  ACME system. 

It was decided t o  i n i t i a l l y  connect t h e  EA1 m a s s  spec t rometer ,  v i a  t h i s  

i n t e r f a c e  t o  t h e  L I N C ,  because of a v a i l a b i l i t y  of remote t e l e t y p e  

c o n t r o l .  This  m a s s  spec t rometer  i n t e r f a c e  w i l l  even tua l ly  be  t r a n s f e r r e d  

t o  t h e  ACME system. 

f l e x i b i l i t y  and usefu lness  s i n c e  t h e  ACME s y s t e m  f e a t u r e s  increased  ease 

of programming and d a t a  management. 

ACME w i l l  provide an a d d i t i o n a l  i n c r e a s e  i n  

. 

Hardware f o r  t h e  i n t e r f a c e  was 90 percent  complete by t h e  end of  t h e  

r e p o r t i n g  per iod .  Connection had been made t o  the L I N C  computer and t h e  

EA1 Quadrupole. Tes t ing  of t h e  hardware and sof tware  has  begun and i t  

i s  expected t o  be  o p e r a t i o n a l  by t h e  end of A p r i l .  

P rev ious  computer ins t rumenta t ion  e f f o r t s  i n  mass spectrometry has been 

mainly t o  develop d a t a  logging s y s t e m s .  The system, r e f e r r e d  t o  he re ,  

i n c l u d e s  computer c o n t r o l  of  many of t h e  mass spectrometer  func t ions .  

For example, t h e  s p e c t r a  w i l l  not be  scanned i n  t h e  convent ional  mode. 

I n  t h i s  system, t h e  computer w i l l  d i r e c t  t h e  mass spectrometer  t o  sample 

t h e  spectrum a t  a s p e c i f i c  known peak. This can be  done i n  any d i r e c t e d  

o r d e r .  For example, i f  d e s i r e d ,  t h e  computer program can make a 

d e c i s i o n  which peak o r  peaks should be measured a t  a given phase of t h e  

experiment .  This  dec i s ion  

and t h e  l o g i c  incorpora ted  

could be based upon 

i n t o  t h e  program. 

previous acquired d a t a  
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The t o t a l  system a l s o  inc ludes  several s e l f - c a l i b r a t i o n  procedures .  

These have been designed t o  automate,  o r  a t  least  t o  s i m p l i f y ,  t h e  

numerous adjustments  t h a t  are normally necessary  t o  i n s u r e  a c q u i s i t i o n  

of h igh  q u a l i t y  s p e c t r a l  in format ion .  

c. P a r t i c l e  o r  C e l l  Separa tor  

A c e l l  s e p a r a t o r  based on measurement of e lec t r ica l  r e s i s t a n c e  changes 

du r ing  the  flow of t h e  p a r t i c l e s  through a small chamber was r e c e n t l y  

desc r ibed  by Fulwyler . The b a s i c  d i f f e r e n c e  between t h i s  t ype  of 

appa ra tus  and commercially a v a i l a b l e  p a r t i c l e  coun te r s  u s ing  t h e  resis- 

tance  p r i n c i p l e  i s  t h a t  t h e  l i q u i d  passed through t h e  d e t e c t i o n  o r i f i c e  

is  f u r t h e r  forced  i n t o  a stream. A s  shown by Rayleigh i n  1579 , such a 

c y l i n d e r  of l i q u i d  i s  dynamically u n s t a b l e  under t h e  a c t i o n  of  s u r f a c e  

t e n s i o n ,  and i t  can be  broken i n t o  uniform and equa l ly  spaced d r o p l e t s  

by launching i n t o  i t  an u l t r a s o n i c  wave. The s i z e  of t h e  d r o p l e t s  is  

determined by t h e  i n s i d e  diameter  of t h e  o r i f i c e  and t h e  wavelength of  

t h e  wave introduced i n  t h e  column. 

3 

4 

By sens ing  r e s i s t a n c e  changes a t  t h e  c a v i t y  formed by t h e  o r i f i c e  t h e  

volume of each non-conducting p a r t i c l e  pas s ing  through is  de tec t ed .  

Each d rop le t  i s  charged t o  a p o t e n t i a l  r e l a t e d  d i r e c t l y  t o  t h e  volume 

of  t h e  p a r t i c l e  i t  con ta ins  ( i f  any) .  A f t e r  d e f l e c t i o n  wh i l e  dropping 

through a uniform e l ec t r i c  f i e l d ,  t h e  d r o p l e t s  are c o l l e c t e d  i n t o  

va r ious  vessels. 

This  t ype  of appara tus  should be  v a l u a b l e  i n  many b i o l o g i c a l  i n v e s t i -  

g a t i o n s  and a mod i f i ca t ion  of i t  has  been b u i l t  h e r e .  We have a l s o  

s t a r t e d  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of  r e p l a c i n g  t h e  r e s i s t a n c e  

'Pl. A.  Fulwyler,  Science,  150, 910 (1965).  

4Lord Rayleigh, Proc.  London Math. SOC. , 10, 4 (1379). 
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. 

d e t e c t o r  wi th  an o p t i c a l  one so as t o  be a b l e  t o  s e p a r a t e  pa r t i c l e s  

according t o  t h e i r  o p t i c a l  c h a r a c t e r i s t i c s  under va r ious  t y p e s  of 

i l l u m i n a t i o n  ( see  Sec t ion  7 ) .  

The p a r t i c l e  s e p a r a t o r  c o n s i s t s  of t h e  fol lowing b a s i c  p a r t s :  

1. Reservoi r ,  o r i f i c e  and d e t e c t o r  

2 .  S i ze  d i sc r imina to r  

3 .  Droplet  forming apparatus  

4 .  

5. Co l l ec t ion  cups 

Charging c y l i n d e r  and d e f l e c t i o n  p la tes  

F igure  11 shows t h e  e n t i r e  apparatus  broken down i n t o  t h e  b a s i c  p a r t s  

mentioned above. 

1. O r i f i c e  and D e t e c t o r  

The pa r t i c l e s , suspended  i n  a conductive media,are  s t o r e d  i n  a r e s e r v o i r .  

This  s o l u t i o n  under p re s su re  is  forced through t h e  o r i f i c e  t o  form a 

l i q u i d  column. 

lamina t ing  a g l a s s  o r  p l a s t i c  d i s c  about 250 micron t h i c k  having a 

c e n t r a l  h o l e  of  about 100 microns wi th  a plat inum d i s c  of about 400 

microns having a h o l e ,  concent r ic  t o  t h a t  of t h e  i n s u l a t i n g  d i s c ,  of 75 

microns i n  diameter .  This m e t a l  d i s c  is  used as t h e  ground e l ec t rode .  

Th i s  s t r u c t u r e  forms one s i d e  of t h e  d e t e c t o r  r e s i s t a n c e  br idge.  The 

250 microns long by 100 micron diameter c a v i t y  of t h e  i n s u l a t i n g  d i s c  

determines t h e  s t eady- s t a t e  r e s i s t a n c e  of t h e  o r i f i c e  s t r u c t u r e .  Any 

non-conducting p a r t i c l e  e n t e r i n g  t h i s  c a v i t y  w i l l  a l t e r  t h e  c a v i t y  

r e s i s t a n c e  accord ing  t o  t h e  volume of  t h e  p a r t i c l e .  This vo lumetr ic  

modulation of t h e  o r i f i c e  r e s i s t a n c e  by p a r t i c l e s  en te r ing  t h e  c a v i t y  is  

sensed  and ampl i f i ed  by t h e  d e t e c t o r  ampl i f i e r .  Since two o r  more 

p a r t i c l e s  i n  t h e  c a v i t y  s imultaneously would g ive  a s i g n a l  comparable 

t o  t h a t  of a s i n g l e  l a r g e  p a r t i c l e  t h e  s o l u t i o n  should be d i l u t e  enough 

t o  minimize such coincidence.  

The o r i f i c e  s t r u c t u r e  cons t ruc ted  he re  is made by 
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If a non-conducting particle of length R1 and diameter dl enters the 
sensing cavity the resistance change is given by 

4P El 
AR = - 

71 

where 

p - resistivity of solution 
d - diameter of insulating cavity. 

The voltage change due to the presence of a particle in the cavity is 

AV = iAR 

where i is the current through the cavity. 

The amplified voltage is thus a function of the size of the particle in 

the orifice cavity at any given time. This amplified signal is fed into 

the discriminator. 

2 .  Size Discriminator 

The size discriminator consists of an array of level detectors. The 

number of discriminators used depends on the number of size separations 

desired with an upper useful limit depending on the signal-to-noise 

rat io. 

Each discriminator is a level detector demultiplexer that separates 

pulses of a given size range. It is hoped that with the present signal- 

to-noise ratio this device will be able to discriminate particles of 

5 micron diameter and larger with a one micron resolution. 
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3. Droplet Forming Apparatus 

The emerging l i q u i d  stream is dynamically u n s t a b l e  and w i l l  break i n t o  

d r o p l e t s .  However, f o r  any u s e f u l  u t i l i z a t i o n  of t h e  d r o p l e t s  t h e s e  

must be of equa l  s i z e  and uniformly spaced. They should a l s o  break 

away from t h e  l i q u i d  column a t  a p r e c i s e  d i s t a n c e  away from t h e  o r i f i c e .  

Uniform s i z e  d r o p l e t s  can be produced by u l t r a s o n i c a l l y  e x c i t i n g  t h e  

emerging column. A p i e z o e l e c t r i c  c r y s t a l  of a resonant  frequency of 

80 KC i s  e x c i t e d  and i t s  a c o u s t i c a l  wave e x c i t e s  t h e  emerging l i q u i d  

column by means of a waveguide, tuned t o  t h e  e x c i t i n g  frequency. 

5 Rayleigh showed t h a t  t h e  “wavelength” f o r  which t h e  d r o p l e t  formation 

occurs  a t  a minimum t i m e  from t h e  stream formation i s  given by 

(19) 
?, 

v / f  = A = 9a 

where a i s  t h e  r a d i u s  of t h e  j e t ,  v is  tlie v e l o c i t y  of t h e  j e t  

stream, and f i s  t h e  e x c i t i n g  frequency. 

6 I n  ou r  case t h e  j e t  diameter  i s  about .8 of 75p o r  6 0 ~  . The e x c i t i n g  

frequency is  80,000 c y c l e s  p e r  second and t h e  v e l o c i t y  is between 16 

and 35 meters p e r  second a t  r e s e r v o i r  p r e s s u r e s  i n  t h e  range between 

1 0  and 50 p s i .  This  v e l o c i t y  range g i v e s  a X range of 7a t o  14a. 

T t i i s  A f a l l s  w i t h i n  t h e  e m p i r i c a l  l i m i t s  of a r equ i r ed  f o r  uniform 

d r o p l e t  formation. From t h e  p r i n c i p l e  of conserva t ion  of volume p e r  

u n i t  length of t h e  j e t  t h e  s i z e  of tile d r o p l e t  w i l l  be  n a  A .  The 

number of d r o p l e t s  p e r  u n i t  t i m e  i s  determined by t h e  e x c i t i n g  frequency. 

Thus - m3 = na A where r is t h e  r a d i u s  of t h e  d r o p l e t  and 

A = - =  v / €  and n t h e  number of d r o p l e t s  p e r  second. 

2 

4 2 
< 3  

n 
V 

- -  

5Lord Rayleigh, P=. Roy. S O ~ . ,  (London), 2, 71  (1879). 

‘X. K. Lundblad and J. 24. Schneider ,  Rev. S c i .  I n s t . ,  42, 635 (1965). 
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Thus 
3 

2 a2X 4 r =  

I n  o r d e r  t o  m e e t  Rayleigh 's  cri teria 

v = Xf = 9 a f  = 9 x 30 x x 80 x l o 3  = 22 m/sec. 

This  v e l o c i t y  is  i n  t h e  range observed i n  t h e  appara tus .  Thus wi th  t h e  

p re sen t  o r i f i c e  and e x c i t i n g  u l t r a s o n i c  frequency t h e  cond i t ions  can be 

made optimum f o r  uniform d r o p l e t  formation.  I n  f a c t  t h e  drops observed 

exper imenta l ly  seem t o  be  e s s e n t i a l l y  uniform. W e  have ordered lower 

frequency t r ansduce r s  i n  o r d e r  t o  measure t h e  e f f e c t  of vary ing  t h e  

frequency. 

However, t h e  d r o p l e t s  w i l l  s t i l l  be of smaller volume than  t h e  o r i f i c e  

chamber, s o  no r educ t ion  i n  par t ic le  concen t r a t ion  should be  requi red .  

This  lower f requency w i l l  r e s u l t  i n  l a r g e r  s i z e  d r o p l e t s .  

4 .  Charging Cylinder  and Def lec t ion  P l a t e s  

The charg ing  c y l i n d e r  is  p laced  so t h a t  i t  con ta ins  t h e  po in t  where t h e  

emerging l i q u i d  j e t  is broken i n t o  d r o p l e t s .  

t h e  c y l i n d e r  i s  v a r i e d  accord ing  t o  informat ion  e x t r a c t e d  a t  t h e  o r i f i c e  

w i t h  an a p p r o p r i a t e  de lay .  The j e t  passes  through t h e  uniform e lec t r ic  

f i e l d  of  t h e  c y l i n d e r  and acqu i re s  a charge p ropor t iona l  t o  t h e  vo l t age  

app l i ed .  The drops s e p a r a t e  from t h e  j e t  and pass  through t h e  uniform 

f i e l d  of  t h e  d e f l e c t i n g  p l a t e s  and are d e f l e c t e d  by an amount propor- 

t i o n a l  t o  t h e i r  charge.  The equat ion  c o r r e l a t i n g  t h e  va r ious  parameters  

o f  t h e  charg ing  and d e f l e c t i n g  s y s t e m  is:  

The vo l t age  app l i ed  t o  

1 r 
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where 

k =  

E =  
0 

R =  

s =  

P =  
r =  
r =  

2 

1 
- 

v12 - - 
'd - 

r a t i o  of h o r i z o n t a l  t o  v e r t i c a l  v e l o c i t i e s  of t h e  d r o p l e t s  

p e r m i t t i v i t y  

l eng th  of d e f l e c t i o n  p l a t e s  (m) 

s e p a r a t i o n  of d e f l e c t i o n  p l a t e s  (m) 

upstream p res su re  ( I b / i n  ) 

r a d i u s  of charging r i n g  (m)  

r a d i u s  of d r o p l e t  (m) 

charging p o t e n t i a l  ( v o l t s )  

d e f l e c t i o n  p o t e n t i a l  ( v o l t s )  

2 

Since V12 and Vd e n t e r  as a product i n  the  above equat ion ,  i t  i s  

obvious t h a t  e i t h e r  one could be changed f o r  s e p a r a t i o n  purposes.  

However, if t h e  d r o p l e t s  are charged uniformly,  a much longer  de l ay  i s  

requi red  between p a r t i c l e  d e t e c t i o n  and a p p l i c a t i o n  of t h e  appropr i a t e  

d e f l e c t i o n  vo l t age .  It i s  adv i sab le  t o  keep t h i s  de lay  t o  a minimum f o r  

high speed ope ra t ion .  

Ce r t a in  phys ica l  l i m i t a t i o n s  a r e  imposed i n  s e l e c t i n g  va lues  f o r  t h e  

va r ious  parameters i n  the  above equat ion .  The d i s t a n c e  s i s  l i m i t e d  

due t o  e l e c t r i c a l  d i scharge  from Vd.  The l eng th  R i s  a l s o  l i m i t e d  

t o  avoid t h e  d e f l e c t e d  d r o p l e t s  h i t t i n g  t h e  p l a t e s .  

ing  p o t e n t i a l  is l i m i t e d  by e l e c t r o n i c  component l i m i t a t i o n s  whi le  r 

is l i m i t e d  by alignment requirements .  

0.4 i n .  a t  4 i n .  below t h e  d e f l e c t i o n  p l a t e s  are observed wi th  d r o p l e t s  

charged t o  300 v o l t s  a t  t h e  charging r i n g  and d e f l e c t e d  by 10,000 v o l t s  

appl ied  t o  t h e  d e f l e c t i o n  p l a t e s .  This  appears  t o  be adequate.  

The maximum charg- 

2 
Def l ec t ions  of t h e  o rde r  of 

5. Co l l ec t ing  Cups 

The c o l l e c t i n g  cups a r e  a series of v e s s e l s  spaced approximately 

1/8-inch apart and connected t o  b igger  v e s s e l s  by means of tub ing .  
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6 .  S t a t u s  of C e l l  Separa tor  

A l l  t h e  mechanical p a r t s  of t h e  s y s t e m  have been completed. 

e l e c t r o n i c  equipment requi red  has  a l s o  been designed and b u i l t .  

The 

Some pre l iminary  experimentat ion with t h e  appara tus  has  ind ica t ed  t h e  

p o s s i b i l i t y  of s e p a r a t i n g  p a r t i c l e s  down t o  5 microns i n  diameter  us ing  

t h e  parameters  l i s t e d  above. 

such as t o  permit  a 1 micron r e so lu t ion .  

t h e  e n t i r e  appara tus  seems t o  be t h e  o r i f i c e .  

has  presented  some problems. 

a t  t h e  o r i f i c e  and the  in te rmedia te  r e s e r v o i r ,  bubbles generated i n  t h i s  

area tend t o  a f f e c t  t h e  d i r e c t i o n  of t h e  j e t  stream. 

f o r  cont inuous opera t ion .  We a re  i n  t h e  process  a t  t h i s  t i m e  of 

f a b r i c a t i n g  a new o r i f i c e  s t r u c t u r e  inco rpora t ing  d e t a i l s  forwarded t o  

u s  by M r .  Fulwyler. These d e t a i l s  concern the  mechanical conf igu ra t ion  

of t h e  plat inum o r i f i c e  and pol i sh ing  of t he  platinum e l e c t r o d e  so as t o  

minimize t h e  genera t ion  of gas bubbles.  

The s ignal- to-noise  r a t i o  of t h e  s y s t e m  i s  

The most c r i t i c a l  p o r t i o n  of 

Clogging of t h e  o r i f i c e  

Due t o  t h e  f a c t  t h a t  e l e c t r o l y s i s  occurs  

This  i s  ob jec t ionab le  

7 .  Detec t ion  of F luorescent  S ingle  Cells i n  Motion 

Fluorescence techniques are very va luab le  f o r  d e t e c t i n g  t h e  presence of 

s m a l l  q u a n t i t i e s  of m a t e r i a l .  Experiments a r e  under way t o  determine 

t h e  f e a s i b i l i t y  of d e t e c t i n g  f luo rescen t  s i n g l e  ce l l s ,  and s e p a r a t i n g  

such ce l l s  from non-f luorescent ,  o r  weakly f luo rescen t  m a t e r i a l ,  us ing  

t h e  pa r t i c l e  s e p a r a t i o n  techniques d iscussed  above. I n  such an instrument  

t h e  cel ls  would flow p a s t  an o p t i c a l  assembly conta in ing  a l i g h t  source ,  

a p p r o p r i a t e  f i l t e r s ,  and a photodetector .  Non-uniformity of ce l l  s i z e ,  

v a r i a t i o n s  i n  flow rate, inhomogeneous d i s t r i b u t i o n ,  e t c . ,  would l ead  

t o  varying pu l se  l eng ths  and amplitudes a t  t h e  d e t e c t o r .  Pulse  amplitude 

would be used t o  t r i g g e r  t h e  sepa ra t ion  c i r c u i t r y .  The experimental  

equipment f o r  eva lua t ion  of  t h i s  technique takes  t h e  form of a micro- 

scope wi th  t h e  va r ious  components f i t t e d  t o  an o p t i c a l  support  r a i l .  

The l i g h t  source  i s  imaged a f t e r  primary f i l t r a t i o n  on t h e  s u r f a c e  of a 

r o t a t i n g  chopper d i s c .  Two d iame t r i ca l ly  opposed ho le s  of 2.87 mm d i a .  
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d r i l l e d  on a 5.08 cm rad ius  of t h e  d i s c  provide two l i g h t  pu l se s  per  

r evo lu t ion .  The d i s c  is  r o t a t e d  a t  30 r evo lu t ions  pe r  second by a 

synchronous motor. 

of p u l s e s  300 1 ~ .  seconds i n  l eng th  occur r ing  a t  a rate of 60 cyc le s  p e r  

second. A p a i r  of microscope o b j e c t i v e s  are used t o  image t h e  source  

and c o l l e c t  t h e  modulated l i g h t .  The modulated beam is then d i r e c t e d  

t o  a microscope s t a g e  v i a  a dark  f i e l d  condenser.  

cen t  and non-fluorescent c e l l s  is made by examining s u i t a b l e  areas of a 

test s l i d e  on t h e  s t a g e .  The magnified microscopic  image f a l l s  upon an 

a p e r t u r e  p l a t e  a f t e r  secondary f i l t r a t i o n .  The purpose of t h e  a p e r t u r e  

p l a t e  i s  t o  l i m i t  t h e  s i z e  of t h e  f i e l d .  

changed. 

tube whose amplif ied output  w i l l  be used f o r  subsequent ope ra t ions .  

The o v e r a l l  system s imula t e s  a microscope observing ce l l s  flowing i n  a 

c a p i l l a r y  s y s t e m .  Af t e r  op t imiza t ion  of parameters  a s u i t a b l e  flow 

system w i l l  r ep l ace  t h e  convent iona l  c e l l  s l i d e ,  and t h e  d e t e c t o r  out-  

put  w i l l  be used t o  c o n t r o l  c e l l  s o r t i n g  procedures.  

of t h e  experimental  appara tus  is  complete and p a r t s  are under cons t ruc t ion .  

The modulated output  of t h e  chopper system c o n s i s t s  

Comparison of f luo res -  

Aperture s i z e  may e a s i l y  b e  

Detect ion i s  f i n a l l y  c a r r i e d  ou t  by a 1 P 2 1  m u l t i p l i e r  photo- 

The i n i t i a l  des ign  

d. I n v e s t i g a t i o n  i n t o  Separa t ion  of S p e c i f i c  F rac t ions  of DNA 

A s  discussed i n  t h e  l a s t  progress  r e p o r t ,  i t  appeared worthwhile t o  

i n v e s t i g a t e  whether s p e c i f i c  DNA f r a c t i o n s  could be sepa ra t ed  by e l u t i o n  

from hydroxyapat i te  columns. 

and Thomas7 t o  r e t a i n  n a t i v e  DNA when e l u t e d  wi th  0.08 M phosphate 

b u f f e r ,  while  pe rmi t t i ng  thermally denatured DNA t o  pas s  through. 

found t h a t  f r a c t i o n s  con ta in ing  DNA of d i f f e r i n g  G-C conten t  could be 

sepa ra t ed  by e l u t i n g  wi th  0.08 M phosphate a t  success ive ly  h ighe r  

temperatures and termed such experiments  thermal  chromatography. 

seemed probable t h a t  s h o r t  s t r anded  DNA con ta in ing  p a r t i c u l a r  g e n e t i c  

markers would e l u t e  over  t h e  narrow temperature  range a s soc ia t ed  wi th  

complete s t r and  s e p a r a t i o n  . 

Such columns were r epor t ed  by Miyazama 

They 

It 

8 

7Y. Niyazama and C .  A.  Thomas , J. Mol. Bio l .  , 11, 223 (1965) 

8W. R.  Guild,  J-. Mol. B io l . ,  a, 214 (1962). 
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Prel iminary experiments  us ing  commercially a v a i l a b l e  salmon sperm DNA 

showed t h a t  t h e  hydroxyapat i te  columns w e r e  a b l e  t o  d i s t i n g u i s h  between 

f u l l y  n a t i v e  and p a r t i a l l y  denatured DNA. From 75 t o  90% of t h i s  DNA 

w a s  e l u t e d  a t  r e l a t i v e l y  low ( < O . l M )  phosphate concen t r a t ions  from 

columns maintained a t  6OOC. 

sample w a s  q u i t e  broad wi th  a t a i l  ex tending  almost t o  room temperature ,  

i n d i c a t i n g  re la t ive ly  h igh  denatura t ion .  On t h e  o t h e r  hand, t h e  thermal  

mel t ing  curves  of t h e  f r a c t i o n  e l u t i n g  a t  h igh  phosphate concen t r a t ion  

(>.10M) were q u i t e  sha rp  wi th  ha l f  of  t h e  DNA mel t ing  over  a range of 

+2OC "- around t h e  midpoint of t he  thermal t r a n s i t i o n  a t  about 8 5 O C  (Fig.  1 2 ,  

Curve A ) .  

a t  lower temperatures  than  t h e  melt ing curve ,  wi th  t h e  a c t u a l  e l u t i o n  

temperature  vary ing  somewhat depending on t h e  cond i t ion  of t h e  column. 

A s  shown i n  F igure  1 2 ,  on f r e s h l y  prepared columns t h e  e l u t i o n  tempera- 

t u r e  (Curve B) was only s l i g h t l y  lower than t h e  mel t ing  temperature .  

However, on one column i n  use f o r  s e v e r a l  weeks t h e  e l u t i o n  t e m p e r a t u r e s  

were much lower (Curve C). A thermal mel t ing  curve on an ea r ly  f r a c t i o n  

from t h i s  column i s  shown i n  Figure 1 2 ,  Curve D .  The e l u t e d  f r a c t i o n  

w a s  e s s e n t i a l l y  undenatured. S imi la r  f r a c t i o n s  re run  through t h e  

column e l u t e d  almost completely i n  0 .1  M b u f f e r  a t  60°C i n d i c a t i n g  t h a t  

they  were permanently changed. Thus t h e  column appeared t o  provide a 

very  s e n s i t i v e  i n d i c a t i o n  of minor changes i n  n a t i v e  DNA. 

The thermal  me l t ing  curve of t h e  o r i g i n a l  

The thermal  chromatograms showed much of t h e  material  e l u t i n g  

S imi l a r  performance w a s  exhib i ted  on t h i s  column by phage X DNA 

al though t h e  e l u t i o n  temperatures w e r e  on ly  a few degrees  below t h e  

corresponding mel t ing  temperatures.  Only about 15% of t h e  absorbance 

i n  t h e  o r i g i n a l  sample e l u t e d  at 60°C i n  t h e  0 . 1  M b u f f e r ,  i n d i c a t i n g  

t h a t  t h i s  DNA w a s  r e l a t i v e l y  undenatured. When f r e s h l y  prepared columns 

w e r e  used wi th  t h i s  DNA t h e  e l u t i o n  temperatures  i n  t h e  thermal 

chromatograms (F igure  1 3 ,  Curve A) were cons iderably  h ighe r  than t h e  

me l t ing  temperatures  (Curve B ) .  
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About 25% of t h e  absorbance of a sample of E. s u b t i l i s  DNA w a s  e l u t e d  

from f r e s h l y  prepared columns a t  6OoC i n  0 .1  M phosphate b u f f e r .  

curves  on t h e  e l u t e d  f r a c t i o n s  showed l i t t l e  o r  no hyperchromici ty  

i n d i c a t i n g  t h a t  some i m p u r i t i e s  were p re sen t  i n  t h e  o r i g i n a l  material. 

The thermal  chromatogram temperatures  (F igure  1 4 ,  Curve A) were aga in  

much h ighe r  than t h e  normal mel t ing temperatures  shown i n  Curve B. The 

thermal  chromatogram f r a c t i o n s  were e s s e n t i a l l y  completely denatured as 

shown by t h e  absence of a d i s t i n c t  mel t ing  temperature  i n  t h e  mel t ing  

curve of one of t h e s e  f r a c t i o n s  (Curve C). 

Melting 

Apparently n e i t h e r  phage A o r  - B. s u b t i l i s  DNA a r e  e l u t e d  on f r e s h l y  

prepared columns u n t i l  t h e  s t r ands  are completely separa ted  as pos tu l a t ed .  

However, t h e  s h o r t e r  s t randed  salmon sperm DNA e l u t e s  a t  lower t e m -  

p e r a t u r e s .  The behavior  of s h o r t  s t r a n d s  of E. s u b t i l i s  DNA w i l l  be 

determined i n  f u t u r e  work. 

e .  Temperature Gradient Cont ro l  

I n  o r d e r  t o  provide accu ra t e  temperature c o n t r o l  f o r  experiments such 

as thermal  mel t ing  of DNA, work is c u r r e n t l y  proceeding on ins t rumenta t ion  

t o  d e t e c t  temperature  v a r i a t i o n s  of O.O0loC occurr ing  i n  a small  volume 

of l i q u i d ,  and t o  e f f e c t  a programmed c o n t r o l  of t h e  t e m p e r a t u r e  rise 

of t h e  l i q u i d  wi th  very h igh  accuracy. 

A Fenwal E l e c t r o n i c s  bead thermis tor  type  GB 38 P12 is  used as t h e  

sens ing  element which forms one arm of a balanced AC br idge .  I n  o rde r  

t o  reduce s e l f  hea t ing  of t h e  thermis tor  t o  an acceptab le  l e v e l ,  t h e  

b r i d g e  is  d r iven  by a 600 m i l l i v o l t  400 cyc le  s i g n a l .  Af t e r  ampl i f i ca t ion  

of l O O O X  by a F a i r c h i l d  A006 opera t iona l  a m p l i f i e r  t he  s i g n a l  is 

synchronously demodulated i n  a f u l l  wave br idge  c i r c u i t .  The f i l t e r e d  

DC l e v e l  which appears  as a r e s u l t  of br idge  imbalance w i l l  be processed 

by t h e  ACME computer and used t o  c o n t r o l  t h e  r o t a t i o n  of a s tepping  

motor.  This  motor i n  t u r n  r e s t o r e s  t h e  input  br idge  c i r c u i t  t o  balance 

by d r i v i n g  a p r e c i s i o n  potent iometer  i n  t h e  appropr i a t e  a r m  of t h e  br idge .  
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The requi red  temperature  g rad ien t  program w i l l  be  s t o r e d  i n  t h e  computer; 

when t h e  magnitude and phase of br idge  imbalance i n d i c a t e s  a depa r tu re  

from t h i s  g rad ien t  c o r r e c t i o n a l  temperature  increments w i l l  be app l i ed  

t o  t h e  l i q u i d .  

The c h a r a c t e r i s t i c s  of t h e  the rmis to r ,  i npu t  b r idge ,  a m p l i f i e r  and out-  

put  c i r c u i t  have been eva lua ted  and recorded i n  s e v e r a l  tes t  pe r iods  

ranging from four  t o  e i g h t  hours .  Resu l t s  i n d i c a t e  t h a t  a temperature  

change of O.O0loC can be r e l i a b l y  de t ec t ed  and a usable  s i g n a l  der ived  

f o r  ope ra t iona l  purposes.  Approximately one second i s  r equ i r ed  f o r  t h e  

measurement per iod but  t h i s  could r e a d i l y  be shortened under computer 

c o n t r o l  permi t t ing  a r ap id  temperature  s t e p  o r  increased  g rad ien t  a t  

reduced accuracy. No f i rm developmental approach has  been decided upon 

f o r  t he  temperature c o n t r o l  e lements  pending a de te rmina t ion  of t h e  

experimental  o p e r a b i l i t y  of t h e  d e t e c t o r .  Two c o n t r o l l i n g  procedures  

w i l l  be necessary;  one app l i ed  a t  t h e  main o i l  b a t h ,  t h e  o t h e r  i n  t h e  

immediate a r e a  of i n t e r e s t .  It appears  t h a t  programmed pulsed c o n t r o l  

of  t h e  o i l  ba th  wi th  p ropor t iona l  c o n t r o l  a t  t h e  l i q u i d  con ta ine r  

should permit c o n t r o l  of t h e  r equ i r ed  o rde r .  E i t h e r  a Pe l t i e r  j u n c t i o n  

device ,  a small I R  f i l t e r e d  lamp o r  a combination of both could be used 

t o  e f f e c t  f i n a l  temperature  c o n t r o l  l i q u i d .  

V.  Atmospheric E f f e c t s  on Photographic Resolu t ion  

One of t h e  l i m i t a t i o n s  on photographic  r e s o l u t i o n  of p l a n e t  s u r f a c e s  i s  

set by atmospheric r e f r a c t i v e  index v a r i a t i o n s  caused by turbulence .  

This  t o p i c  has been of  prev ious  i n t e r e s t  t o  one of our  s t a f f  members. 

The work has been expanded h e r e  t o  inc lude  a n a l y s i s  of t h e  e f f e c t s  of 

t h e  atmospheres of both t h e  e a r t h  and Mars. It appears  t h a t  u l t i m a t e  

r e s o l u t i o n  l i m i t s  on observa t ions  of t h e  e a r t h  from very  h igh  a l t i t u d e s  

a r e  i n  t h e  range of a few cen t ime te r s ,  depending on t h e  exac t  d e f i n i t i o n  

of r e so lu t ion .  The l i m i t s  would be much smaller on Mars, and thus  

atmospheric r e f r a c t i v e  index v a r i a t i o n  e f f e c t s  w i l l  be  n e g l i g i b l e  on any 

c u r r e n t l y  considered photographic reconnaissance  miss ions  of t h e  Martian 

su r face .  A paper  desc r ib ing  t h i s  work is  i n  p repa ra t ion .  
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C.  PERSONNEL AND ORGANIZATION 

There is  one a d d i t i o n  t o  t h e  p ro fes s iona l  s t a f f  of our  o rgan iza t ion  and 

h e r  curr iculum v i t a e  is l i s t e d  below. 

V I R G I N I A  A.  CLOSE 

PERSONAL DATA: Born Danbury, Connect icut ,  Apr i l  6,  1942.  S ing le ,  
American c i t i z e n .  

EDUCATION: 

1965 

1966 

APPOINTMENTS: 

1961-65 

1966 

A . B . ,  Northeastern Un ive r s i ty ,  Boston, Massachusetts 
Major: Biology 

Bridgewater S t a t e  Col lege,  Bridgewater,  Mass. and 
Boston S t a t e  Col lege,  Boston, Massachusetts 
15 graduate  c r e d i t s  i n  Education 

Undergraduate Cooperative Work Experience as 
Research Ass i s t an t  

Cancer Research Laboratory 
New England Center Hosp i t a l  
Boston , Plassachuset ts  

P e d i a t r i c  C l i n i c a l  Center 
Boston City Hosp i t a l  
Boston, Massachusetts 

Walker Biochemistry Laboratory 
Massachusetts Eye and Ear Inf i rmary 
Boston , Massachusetts 

Teacher of 9 t h  Grade General Science and 
1 0 t h  Grade Biology 
Walpole High School 
Walpole, Massachusetts 
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Serum," J. H. Kreisher, V. A. Close and W. H. Fishman, Clinical 
Chemica Acta, 11, 122-7 (1965). 

"Aminopeptidase Profiles of Various Bacteria," J. W. Westley, 
P. J. Anderson, V. A. Close, B. Halpern and E. M. Lederberg, II_. Appl .  
Microbiol., 1967 (in press). 
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D. PAPERS ANT) REPORTS 

October 1, 1966 t o  A p r i l  1, 1967 

P u b l i c a t i o n s  

1. B. Halpern,  L. Chew, J. W .  Westley, " I n v e s t i g a t i o n  of Racemization 
du r ing  Pep t ide  Bond Formation by GLC of Diastereoisomeric  t-BOC- 
Amino Acid Amides,'' 2. Anal. Chem., 39, 399 (1967), IRL-1053. 

2 .  B.  Balpern,  J .  W. Westley, B. Weinstein,  "Chemical S h i f t  of a 
Magnetic Non-Equivalent Isopropyl  Group Due t o  S t e r i c  Hindrance, ' I  

-I Chem. ---.) Comm 160 (1967),  IRL-1057. 

3. B. IIalpern and J. W. Westley, "Cor re l a t ion  of Absolute Configurat ion 
of  e A l k y l p h e n y l a c e t i c  Acids by GLC," Chem. Comm., 237 (1967), 
IRL-1058. 

4 .  P. J .  Anderson, V .  A .  Close, U .  Halpern,  E .  J. Lederberg, J. Westley, 
"The I d e n t i f i c a t i o n  of Bac te r i a  v i a  The i r  Aminopeptidase S p e c i f i c i t y , "  
-- J .  Appl. -"-*¶ Xicrobio l  (1967),  i n  p r e s s ,  IRL-1059. 

-49- 



APPENDIX A 

ACME Progress Report to NIH 

October 1, 1966 - April 1, 1967 

-50- 



DESCRIPTION OF RESEARCH PROJECT 

During the  report  period nearly all of the  available cmputer  f a c i l i t i e s  were 
devoted t o  the developnent, programming, and check-out of the  ACME computer system. 

The staff of the project was occupied w i t h  a number of tasks  which w i l l  be 

I 

reported i n  seperate paragraphs. These w i l l  cover: 

System design and implementation 
Program t r ans l a tb r  
Data acquisit ion and dis t r ibut ion programming 
Improvements i n  terminal man/machine interact ion 
Data transmission tes ted  design 
h.oduction end in s t a l l a t ion  of basic transmission un i t s  
Design of a CRT display u n i t  fo r  medical data 
Development of a basic s t a t i s t i c a l  and t e x t  processing l i b r a r y  f o r  
interact ive use 
Consultation with medical staff and facul ty  
Education fo r  medical s t a f f  and facul ty  
Ins t a l l a t ion  of the  computer equipment 
Operation of the computer f a c i l i t y .  

The progress i n  most areas has been extremely sat isfactory.  

time between receipt  and check-out of the basic IBM equipment (December 15, 1966) 
and t h i s  date (April 15,  1967), we have been able t o  t ransfer  our systems 

work from the  v m i e t y  of cmputers used f o r  development and t o  begin offer ing a 
very l imited but t rue  timesharing service t o  the medical school. The education 

program has led  t o  a great deal  of enthusiasm on the  par t  of the  medical s t a f f  

and facul ty .  

I n  the  short 

The greatest  lack as  of t h i s  date  i s  the  delay i n  f i l e  capabi l i ty .  We can 

expect t o  have t h i s  capabi l i ty  available by June 1, 1967. 

ACME and the  Central Campus F a c i l i t y  at Stanford. 
software del ivery of IBM's timesharing system the ACME System w i l l  be used a t  the  
Central Fac i l i t y .  

During t h i s  project  mauch assistance and exchange has been effected bet;ween 

With the  current delays i n  

Continued exohange i s  going on between ACME h d  the  Stanford Linear 

Accelerator Center i n  the  areas of high speed data  transmission and graphic 

support and between ACME and the  Allen-Babcock Cmpany regarding terminal control 

and systemsdevelopment.. 

informational e f fo r t  i n  t he  1800 cmputer area with the  Syntex Laboratories of 

Pal0 Alto. 

In addition, there  has been a j o i n t  educational and 

Throughout t he  ensuing paragraphs references are made t o  the  working 

papers of t h e  ACME Project, or ACME Notes, which are appended t o  t h i s  report a 

Appendix I. 



Page 1 A  

In te res t  i n  the ACME System has been vide-spread. 

Presentations have been invited and given at:  

I. 

11. 

111. 

Iv. 

V. 
v. 

V I .  

V I 1  . 

V I 1 1  . 

M. 

UCLA Health Sciences Computing Fac i l i t y  

ONR Workshop on Psycho-biology & Computers 
(Naval Post-Grad School, Monterey, 
California 
The paper has been published i n  the  
proceedings of the conference. 

IBM Research i n  Cambridge, Mass. 

IEEE Workshop on Progress i n  Time Sharing 

University 
University of Toronto, Toronto, Canada 

Lancaster, Pa. 

Argonne National Labor a t  or ies  
Conference on Time-sharing Model 50's  
The paper i s  due t o  be published as par t  of the 
proceedings. 

COMMON Meeting, New Orleans, La. 
A report has been published through COMMON pr ior  
t o  t h i s  meeting which i s  the r e su l t  of a j o i n t  
e f for t  of IBM and four 1800 users, including ACME: 
Report of the 1800 Time Sharing Executive System 
Review Camit tee .  

ACM, Los Angeles Section 
The presentation has been reviewed i n  the  March 
issue of DATAMATION. 

CALTECH, Pasadena 

3/18/66 

5/17/66 

6/10/66 

10/12/66 

8/4 /66 

11/1/66 

n/29/66 

2/1/67 

3/29/67 

In addition, a system description has appeared i n  IBM's in te rna l  
documentation. 

Even though our system i s  barely operational, IBM has made arrangements under 
which the University of Witwatersand, Johannesburg, South BLfrica and the  
University of Paris,  France have v i s i t ed  us, ani! are current ly  C-uniCating extensively 
on the appl icabi l i ty  of the  ACME System f o r  t h e i r  i n s t a l l a t ions .  

The progress experienced would not have been possible without the  enthusiast ic  
support of the s t a f f .  



SENIOR ACME STAFF 

HIGHEST 
RE!auaL 

BS 1957 

MA 1963 

1963 

125 un i t s  

gQ 1963 

MS 1965 

EA 1961 

BS 1964 

BA 1958 

NAME 

Gio Wiederhold 

* 
Gary Y. Breitbard 

Charles Class 

Linda Crouse (part-time) 

* 
David E. Cummins 

Robert Flexer 
* 

9 
AM Hintz 

Klaus Holtz 

Zwa Laorgue (part-time) 

Gerald Miller (leave of absence) 1964 

Mabel Moore BS 1965 

Arun Pate1 

W i l l i a m  S. Sanders 

* 

Voy Wiederhold (part-time) 

MA 1965 

MS 1964 

MA 1960 

YEARS OF 
MPERIENCE 

9 

8 

4 

4 

5 

1 

5 

4 

2 

5 

2 

7 

7 

PREVIOUS POSITION 
OR EWERIENCE 

Visi t ing Prof., IIT, 
Kanpur, India 
Head of Programing, 
UC Berkeley 

Student Compiler 
UC Berkeley 

Operator, Stanford 

Desert Research I n s t i t u t e  
U.C., Davis 

Programmer, IBM 

Past-graduate work, UC, 
Berkeley 
Elec t r ica l  Engineering 

Associate Systems Engineer 
Associate Programmer, IBM 
Engineer at Linear 
Accelerator, Stanford 

State Dept. of Public 
Health, Berkeley 
Bureau of Chronic Diseases 

Systems Programmer I I Z :  
U.C., Berkeley 

Canetics Dept., Stanford 

Elec t r ica l  Engineer 

,Time sharing projects, 
General Elec t r ic  

Programmer, UCLA, Health 
Sciences 

In addition t o  the secretary there  are three technician/operators on the full-time staff and 
a number of part-time student assistants. 

Charged t o  funds provided by the  Josiah Macy, Jr. Foundation. 
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Page 2 

1. SYSTEM DESIGN AND DEVELOPMENT 

Tha.r-,s t o  the additional funding provided by the  Josiah Macy .. Foundation 

we had been able t o  do design, simulate, and t e s t  hypotheses fo r  the ACME 

Computer system prior  t o  the  grant period. 

A simulation, wri t ten i n  Burroughs Algol and run on the Stanford Computation 

Center B5500 computer (ACME Note QJ-1) indicated that the  scheduling algorithm 

using "yielding!' As 

data  f o r  the simulation figures fram the MIT timesharing system (MAC) (ACME Note OP-1) 

and the  large cmputer experience from the  Stanford and U.C. Berkeley 7090/7094 systems 

were used t o  insure a system responsive t o  qua l i ta t ive ly  large demands. 

yielding logic  which i s  a radical  departure fran large timesharing systems 

(ACME Note AY-1) currently i n  existence prmises  t o  give the f a c i l i t i e s  and 

computing power required by serious researchers. One system using t h i s  
logic  currently 

LDS Hospital, S a l t  Lake City, U t a h ,  s e t  up by Dr. Homer Warner. 

I1 I1 

logic  ra ther  than time s l i c e  cutoff logic  was val id .  

This 

i n  a l e s s  general environment i s  the  MEDLAB system a t  the 

Another aspect of a system i n  a life-science area i s  tha t  the data  tends t o  

be voluminous. 

amount of data  tha t  can be handled by a large computer system a formal method fo r  

handling data  i s  being implemented. 

automatically ident i f ied with the  user 's  name, project,  the  date and time, 

f i l e  sequence numbers and the  actual  data  name. 

To aid the researcher i n  the problem of keeping track of the 

A l l  data stored by the system can be 

(ACME Notes FC-1, FI-3, FD.1, FF-1, FP-1, 

FS1) 
keeping, and search f o r  data  previously collected (ACME Notes FA-1, FLU-1). 

support f o r  the  mechanicd storage device (the I B M  2321 p ie  f i l e )  did not arr ive 

mtil Februazy 1 5 ,  1967, and a considerable percentage of the ACME e f fo r t  i s  

going in to  the provision of the f i l e  capability. 

Indexes t o  the data  are kept separately t o  f ac i l i t abe  updating, safe- 

Storage modes are  limited t o t e x h a 3  data and real type nummic data. I B M  

The remainder of the system i s  operational and i s  able t o  support the  hardware 

maximum of 14 users a t  typewriter terminals, and t o  respond t o  r e a l  time data  

requests. (ACME Notes IOA-2, 10-2, MA-1) 

The majority of the system i s  written i n  FORTRAN, including the  scheduling and 

f i l e  supervisory mechanisms so tha t  t h i s  system can be tfafisformed t o  operate on other 

equipment with a minimum of e f fo r t .  

on the  bas i s  of data  gathered from experience, t o  accommodate equipment changes, 

and t o  introduce new ideas and procedures. 

It also enables us t o  adjust the  system eas i ly  



2 .  T)LB PROGRAM TRANSLATOR 

The ACME/PL t rans la tor  i s  a t rue  incremental compiler. AS far as we can 
determine it i s  the  only one currently i n  existence, even though much discussion 
on the usefhlness of such a too l  i n  the  timesharing environment has taken place. 

typed i n  by the user. 
It generates absolute binary machine language code from the  PL/1 statements 

Through careful subsetting of the PL/1 language (ACME Note PL2)  we can 
del iver  t o  the  user the computational parer which i s  otherwise l imited t o  batch 

systems. The compiler i s  operational, although language extensions continue t o  

be added. 
t ha t  the predecessor t o  t h i s  compiler, the STUDENT compiler a t  the Berkeley 

Computation Center IBM 7040-7094 system had been wri t ten i n  FORTRAN; t h a t  
planning funds were made available by the Josiah Macy foundation; t h a t  the 
Stanford 70% system 

Accelerator and a t  the Allen-babcock 

and development (ACME Notes HL2, HDC-1 and YA-1) 

I n i t i a l  measurements of the performance of the  generated code indicate a 
s l i gh t ly  higher execution speed than I B M '  s PL/1 comp3ler currently achieves, 

&though tha t  compiler runs i n  a batch mode only, and considerably higher speeds 
than interpretive systems as are generally i n  use 
systems. 

The compiler takes care also of command handling, (ACME Notes RC-1,  LA-2, 
PC-2) user debugging f a c i l i t i e s  (ACME NOTE RU-2, IN-3) and i s  designed t o  

present t o  the user a consistent one-level interface.  The user input/output 

f a c i l i t i e s  are n o t  yet completed, but available are the f a c i l i t i e s  we expect 
t o  be used generally: 

prompts and system formatted multi-value output. (ACME Notes FS-2, OF-1, OP-1, 

This rapid development was again made possible la rge ly  due t o  the  f a c t  

and the I B M  360-50 computers a t  the Stanford Linear 

Company were made availalbe f o r  t e s t ing  

n m  ir l  in teract ive time-sharing 

(ACME Notes KO-6, MT-2, ND-1, NT-4, NS-1) 

f ree  format multi-value input i n  response t o  system 

TY-2 1 

3 ~ 0  DATA ACQUISITION AND DISTRIBUTION PROGRAMMING 
The programming t o  control r e a l  time data acquis i t ion and d is t r ibu t ion  has 

not yet been integrated in to  the  system. This work could not commence u n t i l  the  

computer f ac i  l i t y  was operating smoothly. Considerable d i f f i c u l t y  was i n i t i d l y  

apparent i n  our e f fo r t s  t o  keep the  t ranfer  of information compatible with IBM'S 

Operating System Standards. 
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This goal required intensive and extensive study of the  system. (ACME Notes 
CP-2, OS.2, C L l ,  DN-1, DG2) 
sa t i s f i ed  with IBM design i n  t h i s  area. 

has helped us a l so  i n  the communication required with the  manufacturer. 

now able t o  communicate properly with non-IEM supported devices as PDP-8's, 
linc-cmputers, displays, and data transmission apparatus. The integration of 

these programs in to  the time-sharing system i s  scheduled t o  begin May 1, 1967, 
and limited user ava i l ab i l i t y  i s  expected i n  June. In the meantime, check-out 

of hardware and some production data  acquisit ion i s  taking place on a scheduled 

non-time-sharing basis using the  software i n  i t s  current s ta tus .  

We have overcme t h i s  hurdle now and we are  very 

A change of IBM suppbrt staff recently 
We are 

4. MAN MACHINE INTERACTION 

In order t o  improve the  man-machine interact ion ACME i s  equipping i t s  
terminals with an indicator panel (ACME Note LI-2) so t h a t  the user i s  always 

aware of the  s ta tus  of the cmputer and h i s  problem. 

Key has been programmed (ACME Note PA-2) t o  give the  user a b i l i t y  t o  immediately 
interrupt  whatever action the  system or h i s  program i s  carrying out. Another 
aspect of sat isfying the responsiveness of the  system i s  the data acquisit ion 

implementation, which assures tha t  the user controls when h i s  equipnent i s  t o  

be sampled. (ACME Note HA-1) 

In addition an ATTENTION 

5 .  DATA TRANSMISSION TESTING AND DESIGN 

Considerable e f fo r t  has been made i n  tes t ing  and developing means for  economic 

da ta  transmission throughout a modern building such as the Stanford Medical School. 

(ACME Note Hzrr-1) 
This has l ed  us t o  connect our IBM terminals t o  the IBM computer d i r ec t ly ,  The 

use of telephone communication equipment i s  hereby avoided with an attendant cost  
reduction. The cost reduction i s  largely due t o  the f a c t  t ha t  data  transmission use 

of voice telephone f a c i t l i t i e s ,  which are  engineered with another s e t  of problems i n  
mind i s  l e s s  than ideal.  An ACME b u i l t  switching panel i s  located a t  the computer 

operator 's  console for  connecting users i n to  the  system. (ACME Notes KA-1, KB-2) 
In  cases where we have t o  leave the building data-phone and voice frequency FM 

coded data transmission a re  used. 

ACME has t o  thank the  Instrumentation Research Laboratory of the Department of 

t h e i r  f a c i l i t i e s  and experience t o  make the current Genetics who are  sharing both 
l e v e l  of work possible. 



6. WCRIIWARE: PRODUCTION AND INSTALLATION 

A s  a r e su l t  of t he  f i e l d  work detai led above,standard c i r c u i t s  have been 

designed and bu i l t .  
are  mounted and checked out within the ACME Fac i l i t y .  (ACME Note “-1 ) 
These are  now i n  stock as off-the-shelf items and can be combined with standard 

power supplies i n  a rack mounted units containing the required number and types 
of data  input and output devices. 

are  current ly  routinely transmitt ing da ta  via these links t o  ACME and the  ACME 

mgineering s t a f f  i s  working at the  i n s t a l l a t i o n  of additional l i n k s ,  (ACME Note m-1) 
An input/output typewriter has been connected t o  one input l i n e  t o  give lower case 

alphabetic keypunching capability.. (ACME Note KP-1) 

The majority of these used integrated c i r c u i t  logic ,  and 

Two labs  (Respiration and Pediatr ic  Cardiology) 

A l i n k  t o  a small computer has recent ly  been checked out and others are  being 

assembled. 

Much of t h i s  e f fo r t  i s  being done on a cost  sharing basis  with the  laborator ies  

involved, both t o  conserve ACME funds, and t o  insure j o i n t  r e a l  i n t e r e s t  i n  the 
projects .  

7. CATJ{ODE RAY TUBE DISPLAY 
I n  order t o  present data quiclkly i n  high da ta  r a t e  in te rac t ive  eyperiments, 

The data t o  be displayed i n  much cathode ray tube displays are of great value. 

l i fe-science work has the form of time se r i e s  graphs, annotated with the  r e s u l t s  
of the computer analysis. 

With t h i s  inmind, as a j o in t  project  of ACME and the  Instrumentation Research 

Laboratory a CRT display has been designed w i t h  the following features:  

1) 
2) 

3)  

Tube driven by d i g i t a l  logic  t o  insure s t a b i l i t y  of display 

The d i g i t a l  logic  controlled by an independent memory t o  give an economic 
source for  the  required regeneration cycles. 

A memory organization oriented toward vector  d i sp lay  t o  allow ef fec t ive  
use of the un i t  f o r  time-series graphs. 

The proto-type of t h i s  un i t  i s  current ly  under t e s t ,  being driven by .TORTRAN 

programs i n  the  360 and has demonstrated the  f e a s i b i l i t y  of the approach. 

The oest of the pa r t s  has been about $6,500 of which the  majority i s  
accounted by the CRT tube i t s e l f  and the  core memory u n i t .  The connection t o  

the  cmputer f o l l ~ s  ACME s m a l l  computer conventions q,nd the  programing logic  
i s  similar t o  the driving of t he  CALCOMP d i g i t a l  p l o t t e r s  so t h a t  the Same programs 
may be used. 



8. STATISTICAL AND TEXT PROCESSING LIBRARY 

A begining has been made w i t h  the  development of a Library t o  process data on 

t h i s  interact ive system. 

A number of s t a t i s t i c a l  highly interact ive routines are current ly  available 

on ACME'S 

survey has been made of exis t ing s t a t i s t i c a l  routines (ACME NOTE 

are  candidates f o r  inclusion i n  the system. Testing of various of these i s  

current ly  i n  progress, whereas about a dozen are current ly  available t o  the  users  

on the Babcock terminal. 

routines so t h a t  they may be used d i rec t ly  by the mediad researcher without 

having t o  consult professional or semi-professional programming staff. 

hoped t h a t  by the  end of t he  summer a f a i r l y  complete s t a t i s t i c a l  l ibrary 

w i l l  be available and t h a t  the e f f o r t s  of the  group can then be diverted more 

t o  the problems of analizing continously arr iving data .  

Babcock terminal, (ACME Notes E E 1 ,  EBA-1, EBB-1, EBD-1, EBL1) while a 

ES-1) which 

Much experience i s  being gathered t o  organize these 

It i s  

As a by-product and extension of the cmpi l e r  developnent s m e  t e x t  

processing routines have become available. These are not yet integrated in to  

the  timesharing system, but axe available on a stand-alone bas is .  

capab i l i t i e s  include tbx t  sor t ing (ACME Notes KC-1, KH-5) concordwce preparation, 

word l i s t  with frequency count generation, key word i n  context type indexing 

and capabi l i ty  for  specifying uninteresting words f o r  delet ion (stop words). 

the  process of check-out are options f o r  searching-for-sentences-containing- 
specific-words, t e x t  comparisons, and generation of data for  fu r the r  s t a t i s t i c a l  

processing. The routines are oriented toward the processing of la rge  f i l e s  and 

economic usage of core memory. (ACME Note WTXT-1) 
Stanford fo r  analizing Rorschach t e s t  responses, psychiatr ic  diagnosis and 

s e t t i n g  up c l i n i c  appointments. 

The current  

In  

They have been used at 

9 CONSULTATION 
A f a i r  mount of s t a f f  time has been spent i n  discussing with staff and 

f acu l ty  of the  medical school the f e a s i b i l i t y  and approach t o  a large number of 

pro jec ts .  

system w i l l  have t o  respond t o ,  and a l s o  found a few t h a t  cannot be solved with 

current  technology and f a c i l i t i e s .  

t he  medical school w i l l  be waiting t o  use every resource t h a t  becomes available 
through the  sytem. 

ACME has gathered a good impression of the range of problems t h a t  the 

As a r e s u l t  of those discussions we f e e l  t h a t  



10. EDUCATION 

To educate the medical facul ty  and s ta f f  i n  a manner t h a t  i s  d i rec t ly  re la ted  

t o  t h e i r  problems i s  one of the tasks of a specialized medical f a c i l i t y .  

enable an early start f o r  t h i s  area a terminal t o  the Allen-Babcock time-shasing 

system i s  being rented through the Stanford Computation Center. 

To 

A monthly seminar i s  being conducted t o  inform the medical school of the 

prgress with the Project, and t o  give us the opportunity t o  hear speakers from 

other ins t i tu t ions  discuss t h e i r  work i n  relevant areas. 
During November through February a se r ies  of 15 four-and-a-half hour courses 

were conductedwhich were successfully completed by 167 members of the  medical 

school faculty and staff. (ACME Notes ABC-1 th ru  10) 

The current demand fo r  these terminals, which have only l imited computing 

capabili ty and no data acquisition f a c i l i t i e s ,  exceeds t h e i r  ava i l ab i l i t y  t o  the 

extent t ha t  weekly sign-up i s  required. 

An i n i t i a l  d ra f t  of a user 's  manual (ACME Note AM-1) has j u s t  been completed 

which again i s  oriented towasds solving medical research problems. 

of courses i s  due t o  start i n  May using ACME'S own f a c i l i t i e s .  

11. EQIPMENT INSTALLATION 

A new ser ies  

The ins ta l la t ion  of the  computer equipment i n  the  special ly  b u i l t  s t ructure  

was f ina l ly  completed on April 8, 1967. 
Due t o  delays i n  approval of the various funds used t o  construct a special  

structure and adapt it t o  the computer's requirements, primitive and novel means 

were used t o  enclose the  computer and keep it operating while the  construction 

progressed. 

functional, but also extremely a t t rac t ive  and much commented on by v i s i t o r s  t o  

the STANFORIbPPALO ALTO HOSPITAL and the Medical School. 

Thanks a r e  due here t o  the Stanford Business School who made a computer 

f loor  available, the medical school a rch i tec t ' s  o f f ice  who believed t h a t  the 

impossible was possible, and IEM who were wi l l ing  t o  r i s k  t h e i r  equipment t o  the 

elements and the construction crews. 

12. COMPUTER OPERATIONS 

The dust has f i n a l l y  se t t l ed  down and the f a c i l i t y  i s  now not only 

The operation of the computer i s  handled through arrangements with the  

Stanford Central Fac i l i t y  which enables us t o  secure r e l i ab le  24-hour-7-day 

s taff ing without having t o  employ redundant back-up staff. 

of operations i s  supervised by a member of the ACME s t a f f .  
resulted i n  very r e l i ab le  operations under unfavorable conditions and OUT machine 

has shown an ava i lab i l i ty  during the period from 12/12/66 t o  4/09/67 of 97.5 per- 

cent a f te r  scheduled maintenance (4 .O$). 
used for ACME hardware check-out. 

currently, but users problems are routinely 

The technical aspect 

N l  s ta f f ing  has 

Much of t he  computer's time i s  being 

The ACME System development takes p r i o r i t y  

at  l e a s t  overnight. 
~ ~~ ~ 

~~ ~~ ~ 



The system has a very poor batch performance since the requirements for 

time-sharing have taken precedence in both hardtware and sortware selection. 

(ACME Notes CN-2, CQ-1, D L 1 ,  OD-1) It will be interesting to campare cost 

to productivity ratios when the time-sharing service is in f u l l  swing. 

I 

Gio Wiederhold 
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DENDRAL - A COMPUTER PROGRAM FOR GENERATING 

AND FILTERING CHEMICAL STRUCTURES 

by Georgia Sutherland 

Abstract: A computer program has been written which can 
generate all the structural isomers of a chemical 
composition. The generated structures are inspected 
for forbidden substructures in order to eliminate 
structures which are chemically impossible from 
the output. In addition, the program contains 
heuristics for determining the most plausible 
structures, for utilizing supplementary data, and 
for interrogating the on-line user as to desired 
options and procedures. The program incorporates 
a memory so that past experiences are utilized in 
later work. 
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1. DENDRAL REPRESENTATION OF CHEMICAL STRUCTURES 

Dendral is a system of topological ordering of organic 

molecules as tree structures." The essential features are detailed in 

the first of the references and are summarized here. 

Proper Dendral includes precise rules to maintain the unique- 

ness and the non-ambiguity of its representations of chemical structures. 

Each structure has an ordered place, regardless of its notation; the 

emphasis is upon topological uniqueness and efficient representation of 

molecular structures. The principal distinction of Dendral is its 

algorithmic character. Dendral aims (1) to establish a unique (i.e., 

canonical) description of a given structure; (2) to arrive at the canoni- 

cal form through mechanistic rules, minimizing repetitive searches and 

geometric intuition; and (3) to facilitate the ordering of the isomers 

at any point in the scan, thus also facilitating the enumeration of all 

of the isomers. 

The Dendral representation of a structure is made up of 

operators and operands. The operators are valence bonds issuing from 

an atom. Each bo,nd looks for a single complete operand. An operand 

is (recursively) defined as an unbonded atom, or an atom whose following 

bonds are all satisfied in turn by operands. Hydrogen atoms are usually 

omitted, but are assumed to complete the valence requirements of each 

atom in the structure. If the structure has unsaturations (one unsatur- 

ation for each pair of hydrogen atoms by which the structure falls short 

*References: J. Lederberg, DENDRAL-~~, A System for Computer 
Construction, Enumeration and Notation of Organic Molecules as Tree 
Structures and Cyclic Graphs, Parts I-V, Interim Report to the National 
Aeronautics and Space Administration, December 1964. 

, A System for Computer 
Construction, Enumeration and Notation of Organic Molecules as Tree 
Structures and Cyclic Graphs, Parts I-V, Interim Report to the National 
Aeronautics and Space Administration, December 1964. 
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of saturation), these are indicated by locations of double and triple bond 

operators. Single, double, and triple bonds are represented by . : 

and respectively. The operator : may be represented by = and the 

operator i by $ or < depending on the available character set. 

3 ,0-CH 
"2- c*s As an example, the molecule 

has one unsaturation and may be written in many ways, including: 

1) C.O.C.:NS 
2) C.O.C:.SN 
3) O..CC.:NS 
4) O..C.:NSC 
5) C..:O.CNS 
6) C.:.O.CSN 
7) C. : .NSO.C (canonical) 
8) C:..SNO.C 
9) S:C..O.CN 
10) N.C. :O.CS 

Each of these ten notations is a non-ambiguous representa- 

tion of the molecule. However, proper Dendra1 also specifies that the 

representation be unique. The key to obtaining the unique or "canonical" 

representation is the recognition of the unique center of any tree 

structure and the subsequent ordering of successive branches of the tree. 

The centroid of a tree-type chemical structure is the bond 

or atom that most evenly divides the tree. A molecule will fall into 

just - one of the following categories, tested in sequence. Let V be the 

count of non-hydrogen atoms in the molecule. Then either 

A. - Two central radicals of equal count are either (1) united 

by a leading bond (V is even) or (2) sister branches from an apical 

node (V is odd); or 

B. --- Three or more central radicals, each counting less than 

V / 2 ,  stem from a single apical node. 
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In the first case, the centroid is a bond, and the canonical 

representation is an operator followed by two operands. In the other two 

cases the centroid is an atom, and the canonical representation is an 

operand in the form of an atom followed by two or more bonds and operands. 

In every case where two or more bonds follow an atom, the operands must 

be listed in ascending Dendral order. 

Dendral order (or simply "weight") is a function of the 

composition and arrangement of a structure and finds its primary use when 

comparing two operands (radicals). 

by the following criteria (in descending significance): 

tion, unsaturation, next node, attached substructures. 

The weight of a radical is evaluated 

count, composi- 

Count is the number of skeletal (non-hydrogen) atoms. Of 

two radicals, the one with the higher count is of higher weight. 

Composition refers to the atoms contained in the radical. An 

arbitrary ordering of the atoms makes carbon less than nitrogen less 

than oxygen less than phosphorus less than sulfur, C < N < 0 < P < S. 

(This ordering is alphabetical as well as by atomic number.) When com- 

paring two radicals of the same count, the one with the fewer number of 

carbons has lesser weight. If carbons are equal, the one with the fewer 

nitrogens is of lesser weight. And so forth. 

Unsaturation counts the number of extra bonds (1 for a 

double bond, 2 for a triple bond) in the radical, including those (if 

any) in the afferent link (the bond leading into the radical). Of two 

radicals, the one with the greater number of unsaturations has the greater 

weight. 
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The next  node or a p i c a l  node r e f e r s  t o  t h e  f irst  atom i n  t h e  -- - 
r a d i c a l  ( t h e  one connected t o  t h e  a f f e r e n t  l i n k ) .  When comparing two 

a p i c a l  nodes, t h e  fo l lowing  t h r e e  c r i t e r i a  a r e  eva lua ted  ( i n  o rde r  of 

decreas ing  s i g n i f i c a n c e )  : 

Degree i s  t h e  number of e f f e r e n t  ( a t t a c h e d )  r a d i c a l s .  The 

a p i c a l  node wi th  t h e  most r a d i c a l s  a t t a c h e d  t o  it has t h e  g r e a t e r  

weight .  

Composition r e f e r s  t o  t h e  type  of atom. A carbon atom i s  

t h e  lowest a p i c a l  node, whi le  a s u l f u r  atom i s  t h e  h i g h e s t .  

Afferen t  - l i n k  r e f e r s  t o  t h e  bond l e a d i n g  t o  t h e  a p i c a l  

node. A s i n g l e  bond a f f e r e n t  l i n k  is  t h e  lowes t ,  a t r i p l e  bond i s  

t h e  h i g h e s t .  

If t h e  above c r i t e r i a  f a i l  t o  determine which of  two r a c i c a l s  

has  t h e  g r e a t e r  weight ,  t hen  t h e  r a d i c a l s  appendant on t h e  two a p i c a l  

nodes must be  a r ranged  i n  i n c r e a s i n g  o rde r  and compared i n  p a i r s .  The 

f irst  i n e q u a l i t y  i n  weight of  appendant r a d i c a l s  determines t h e  r e l a t i v e  

weight of t h e  o r i g i n a l  r a d i c a l s .  

The canon ica l  r e p r e s e n t a t i o n  f o r  t h e  molecule i n  t h e  example 

g iven  e a r l i e r  i s  n o t a t i o n  #7. 
i t s  count ( ignor ing  hydrogen atoms) i s  5 ;  and t h e  non-terminal  carbon 

atom i s  t h e  only  atom which has  a l l  i t s  appendant r a d i c a l s  w i t h  counts  

l e s s  t h a n  5 / 2 c  

two atoms has  t h e  h i g h e s t  count and t h u s  i s  t h e  heav: ies t .  

r a d i c a l s  conta in ing  a s i n g l e  atom each, t h e  one w i t h  t h e  double bond 

i s  t h e  heavier  because it has more u n s a t u r a t i o n s .  

It must be a c e n t r a l  atom molecule s i n c e  

Of t h e  t h r e e  appendant r a d i c a l s ,  t h e  one con ta in ing  

Of t h e  two 
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Even-count molecules may have a bond f o r  c e n t e r ,  i f  t h e  count 

of t h e  molecule i s  evenly d iv ided  by c u t t i n g  t h a t  bond. Thus, t h e  

canonica l  form f o r  \.CH2- CH2 

t h e  f irst  dot ,  c a l l i n g  for two operands. 

i s  .C.NC.O, a l ead ing  bond, 
"2 /OH 

The c o l l e c t i o n  of r u l e s  and conventions descr ibed  above 

provides  a unique and non-ambiguous r e p r e s e n t a t i o n  f o r  any non-ringed 

chemical s t r u c t u r e .  (Ringed s t r u c t u r e s  have been d e a l t  wi th  by more 

complex r u l e s . )  I n  add i t ion ,  t h e  r u l e s  a l s o  allow us t o  cons t ruc t  t h e  

l1lowestt t  s t r u c t u r e  which can be made from a composition ( c o l l e c t i o n  of 

a toms) .  Once t h i s  lowest s t r u c t u r e  has  been made, it may be t r a n s -  

formed by a process  of  rear ranging  i t s  atoms and unsa tu ra t ions  i n t o  

t h e  "next  t o  lowest" s t r u c t u r e .  This "incrementing" process  may be 

cont inued u n t i l  t h e  "h ighes t"  s t r u c t u r e  has  been made. 

The computer program which i s  descr ibed  i n  l a t e r  s e c t i o n s  of 

t h i s  r e p o r t  i s  designed t o  do t h e s e  ope ra t ions  and t h e r e f o r e  t o  con- 

s t r u c t  a l l  of t h e  ( t o p o l o g i c a l l y  p o s s i b l e )  isomers of a composition. 

2 .  DETDRAL IMPLEMENTATION 

The t a s k  s e t  f o r t h  i n  t h e  Dendral Report i s  t h e  manipulat ion 

of  chemical graphs t o  produce a l l  t h e  isomers of a given chemical 

formula.  The l i s t  process ing  language, LISP, was used t o  w r i t e  a 

computer program implementing the  proposed scheme. The choice of  t h i s  

language l e d  t o  t h e  r ep resen ta t ion  of t h e  chemical gra@ as t r e e  type  

l i s t s .  

The l i s t  r e p r e s e n t a t i o n  i s  a s t r a igh t fo rward  t r a n s l a t i o n  o f  

Dendral do t  n o t a t i o n .  The bonds a r e  r ep resen ted  by t h e  i n t e g e r s  1, 
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2, and 3. Each r a d i c a l  is  a s u b l i s t  and i s  enc losed  i n  pa ren theses .  

The l i s t  n o t a t i o n  f o r  a s t r u c t u r e  i s  a t h r e e  p a r t  l i s t .  The f irst  

p a r t  s p e c i f i e s  t h e  a f f e r e n t  l i n k ;  t h e  second p a r t  s p e c i f i e s  t h e  

a p i c a l  node; and t h e  t h i r d  p a r t  s p e c i f i e s  t h e  e f f e r e n t  r a d i c a l s  i n  

l i s t  n o t a t i o n .  If t h e  s t r u c t u r e  i s  a molecule,  i t s  a f f e r e n t  l i n k  w i l l  

be N I L  . For a cent ra l -bond molecule t h e  a p i c a l  node i s  NIL a l s o .  

Central-bond molecules  have two e f f e r e n t  r a d i c a l s ;  c e n t r a l  atom mole- 

cu le s  have two or more e f f e r e n t  r a d i c a l s ,  and r a d i c a l s  may have any 

number ( inc lud ing  ze ro )  of e f f e r e n t  r a d i c a l s .  

A s  an example, t h e  dot  n o t a t i o n  C . :  .OOS.N is  t r a n s l a t e d  i n t o  

(NIL C (1 0 ) ( 2  0)(1 S ( l  N ) ) ) ;  and t h e  molecule r e p r e s e n t e d  i n  dot  

n o t a t i o n  as  .C.:SS C.O.P..CCiC becomes 

(NIL NIL (1 c ( i  s ) ( 2  s ) ) ( i  c ( i  o(i ~ ( i  c ) ( ~ c ( ~ c ) ) ) ) ) ) .  

The l i s t  n o t a t i o n  i s  e a s i l y  manipulated by t h e  computer 

program, so a l l  ope ra t ions  a r e  performed us ing  t h i s  r e p r e s e n t a t i o n .  

Output, however, i s  g iven  i n  Dendral dot  n o t a t i o n .  C e r t a i n  func t ions  

a r e  a v a i l a b l e  w i t h i n  t h e  Dendral program f o r  conve r t ing  back and 

f o r t h  between t h e  two types  of n o t a t i o n .  The f u n c t i o n  INDOT reads  

dot  n o t a t i o n  and conver t s  t h e  d o t s  t o  i n t e g e r s .  

Dendral Po l i sh  n o t a t i o n .  ) 

n o t a t i o n  t o  l i s t  n o t a t i o n .  The f u n c t i o n  DOTORD a l s o  r e a d s  dot  

n o t a t i o n ,  but  conver t s  it t o  cannonica l  do t  n o t a t i o n .  The f u n c t i o n s  

MOLORD ( fo r  molecules )  and RADORD ( f o r  r a d i c a l s )  conver t  l i s t  

n o t a t i o n  i n t o  cannonica l  l i s t  n o t a t i o n .  

molecules )  and TOPRAD ( f o r  r a d i c a l s )  conver t  l i s t  n o t a t i o n  t o  dot  

n o t a t i o n  and p r i n t  t h e  do t  n o t a t i o n .  

( T h i s  i s  t h e  s o - c a l l e d  

The f u n c t i o n  UNSTRING conve r t s  P o l i s h  

The f u n c t i o n s  TOPMOL (for  
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The Dendral program ope ra t e s  on a chemical composition i n  

o rde r  t o  produce t h e  s t r u c t u r a l  formulas of a l l  isomers wi th  t h a t  

composi t ion.  A composition i s  a l i s t  of  numbers o f  atoms, such as: 

C4H10, or C H NO. 

d o t t e d  p a i r s  i n  which t h e  number of  hydrogen atoms i s  r e p l a c e d  by t h e  

number o f  u n s a t u r a t i o n s  ( e x t r a  bonds) i n  t h e  composition. 

The i n t e r n a l  form of  a composition i s  a l i s t  of 
2 5  

"he formula 

f o r  o b t a i n i n g  t h e  number of  unsa tu ra t ions  ( U )  i n  a composition i s  t h e  

fo l lowing  : 

-9 number of atoms a l ence  of t h i s  N=2u=z of t h i s  type  type  of atom 

a l l  

of 
a t  oms 

types  

Examples of  composition l i s t s  a re  ( ( U  . O ) ( C  . 4 ) )  and 

( (  U . 1 ) ( C  . 2 ) ( N  . 1)(0 . 1)). 
Some compositions imply molecular  s t r u c t u r e s  while  o t h e r s  

imply r a d i c a l s .  If N = 2 U  i s  an odd i n t e g e r ,  t h e n  t h e  s t r u c t u r e s  w i l l  

b e  r a d i c a l s .  If N = 2 U  i s  even ( i n c l u d i n g  ze ro ) ,  t h e  s t r u c t u r e s  w i l l  

be molecules .  If N = 2 U  i s  negat ive ,  t h e r e  a r e  no s t r u c t u r e s  

p o s s i b l e  f o r  t h a t  composi t ion.  

I n  t h e  process  of gene ra t ing  a l l  s t r u c t u r e s  corresponding t o  

a chemical formula,  t h e  program s tar ts  wi th  t h e  formula g iven  as a 

composi t ion l i s t .  The program t h e n  c o n s t r u c t s  t h e  molecule* of lowest 

Dendral  va lue  f o r  t h i s  composition. Once t h e  molecule of  lowest  - .- 
* The c u r r e n t  d i s c u s s i o n  w i l l  concen t r a t e  on molecular s t r u c t u r e s .  

Rad ica l s  a r e  genera ted  i n  an analogous f a sh ion .  
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va lue  is  e s t a b l i s h e d ,  t h e  process  of gene ra t ing  a l l  t h e  isomers c o n s i s t s  

of incrementing t h i s  molecule t o  t h e  next  h igher  Dendral s t r u c t u r e ,  t h e n  

t a k i n g  t h e  new molecule and r e p e a t i n g  t h e  process  until it i s  no longer  

p o s s i b l e  t o  make a molecule of h ighe r  Dendral va lue  than  t h e  prev ious  

one. 

The fo l lowing  computer program i s  a p r e c i s e  s ta tement  of t h e  

gene ra t ing  a lgo r i thm mentioned i n  t h e  Dendral Report ,  w i th  t h e  fo l lowing  

added f e a t u r e s :  

a. 

b .  

C .  

The number and type  of r a d i c a l s  t h a t  can be made 

from a g iven  composition may be determined i n  advance 

and p l aced  i n  a d i c t i o n a r y  l i s t  f o r  t h a t  compos- 

i t i o n .  When a d i c t i o n a r y  l i s t  i s  encountered 

(du r ing  s t r u c t u r e  gene ra t ion )  f o r  a composition, 

t h e  a lgor i thm w i l l  gene ra t e  only t h o s e  r a d i c a l s  

on t h e  d i c t i o n a r y  l i s t .  Thus a d i c t i o n a r y  is  a 

"memory" f o r  p a s t  work. The program knows how t o  

make use of i t s  memory e f f i c i e n t l y .  

At any g iven  node it i s  p o s s i b l e  t o  r e p r e s e n t  t h e  

e f f e r e n t  r a d i c a l  i n  an impl ied  format (by 

composit i on  r a t h e r  t h a n  by s t r u c t u r e ) .  

S e v e r a l  op t ions  a r e  a v a i l a b l e  which may l i m i t  t h e  

output  by e l i m i n a t i n g  o r  bypass ing  some s t r u c t u r e s  which 

a r e  t o p o l o g i c a l l y  p o s s i b l e  b u t  which a r e  no t  of 

i n t e r e s t  o r  perhaps a r e  n o t  chemica l ly  meaningful .  

3. THE DENDRAL PROGRAM 

The computer program t o  implement Dendra1 is  w r i t t e n  i n  
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LISP. 

which c a l l  each o t h e r  t o  perform c e r t a i n  t a s k s  r e l e v a n t  t o  d i f f e r e n t  

p a r t s  of  t h e  s t r u c t u r e  gene ra t ion .  Most of  t h e  func t ions  a r e  s imple 

u t i l i t y  programs. 

f u n c t i o n s  which a r e  desc r ibed  i n  t h e  fo l lowing  pages e 

The program is  made up o f  over a hundred s e p a r a t e  LISP f u n c t i o n s  

The main l o g i c  is conta ined  i n  e i g h t  or t e n  pr imary 

The LISP f u n c t i o n  c a l l e d  GENMOL w i l l  make t h e  molecule of 

lowest  Dendral va lue  from a given composition. If t h e  composition 

con ta ins  an even number of atoms, GENMOL w i l l  a t tempt  t o  make a c e n t r a l -  

bond molecule by making two r a d i c a l s  w i th  equal  count and i d e n t i c a l  

a f f e r e n t  l i n k s .  If t h i s  fa i l s  or i f  t h e  composition con ta ins  an odd 

number of  atoms, t hen  a c e n t r a l  node i s  s e l e c t e d ,  s t a r t i n g  wi th  t h e  

atom of  lowest  Dendral va lue  ( C  < N < 0 < P < S )  i n  t h e  composition. 

MAKFRADS i s  t h e n  given t h e  remainder of t h e  composition and i n s t r u c t e d  

t o  make two e f f e r e n t  r a d i c a l s  of lowest  Dendral va lue .  If t h i s  fa i l s ,  

t h e n  GENMOL s e l e c t s  t h e  next  p o s s i b i l i t y  f o r  t h e  c e n t r a l  node and t h e  

p rocess  of gene ra t ing  two e f f e r e n t  r a d i c a l s  i s  at tempted aga in .  If 

no atom i n  t h e  composition l e a d s  t o  a s t r u c t u r e  wi th  degree two, t h e n  

t h e  lowest  atom i s  aga in  chosen fo r  t h e  c e n t r a l  node, and MAKERADS 

a t t e m p t s  t o  make t h r e e  e f f e r e n t  r a d i c a l s ,  and s o  f o r t h .  

- 
The func t ion  MAKERADS t akes  a composition and produces a 

l i s t  of  a s p e c i f i e d  number of r a d i c a l s .  These r a d i c a l s  have t h e  lowest  

Dendral  va lue  which i s  p o s s i b l e  i n  view of  t h e  valence requirements  

s p e c i f i e d  i n  t h e  arguments t o  MAKERADS. 

must have a s p e c i f i e d  number of atoms, and t h e  r a d i c a l s  must be l i s t e d  

i n  i n c r e a s i n g  Dendral o r d e r .  F i r s t  t h e  t o t a l  composition is  s p l i t  i n t o  

Each r a d i c a l  except t h e  last 
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t h e  proper number of compositions by MAKELSTCLS. These s e p a r a t e  com- 

p o s i t i o n s  ( l i s t e d  i n  i n c r e a s i n g  Dendral o r d e r )  a r e  t h e n  made i n t o  

r a d i c a l s  by GENRAD. 

t o  a r a d i c a l  t h e n  t h i s  composition i s  incremented t o  t h e  next  g r e a t e r  

Dendral value.  Any compositions which are g r e a t e r  t h a n  t h e  one 

incremented are r e s e t  t o  compositions g r e a t e r  t h a n  or equa l  t o  t h e  new 

one. The p rocess  of conve r t ing  t h e s e  l i s t s  t o  r a d i c a l s  i s  t h e n  

continued as be fo re .  Once t h e  compositions are a l l  converted t o  

r a d i c a l s ,  t h e  r a d i c a l s  a r e  checked t o  s e e  i f  c e r t a i n  va l ence  r e q u i r e -  

ments a r e  m e t .  If n o t ,  an at tempt  i s  made t o  dec rease  t h e  a f f e r e n t  

l i n k  o f  each r a d i c a l  i n  t u r n  s t a r t i n g  w i t h  t h e  r a d i c a l  of g r e a t e s t  

Dendral value.  When a r a d i c a l  has  t h e  lowest  a l lowable a f f e r e n t  

l i n k  and t h e  valence requirements  a r e  n o t  s a t i s f i e d ,  t h e n  t h e  com- 

p o s i t i o n s  o f  t h i s  r a d i c a l  and t h o s e  o f  g r e a t e r  Dendral v a l u e  a r e  

incremented by t r a d i n g  atoms among compositions.  

gene ra t ed  from each composition and t h e  p rocess  of dec reas ing  a f f e r e n t  

l i n k s  cont inues . 

If any of t h e  compositions cannot be converted 

New r a d i c a l s  are 

GENRAD t a k e s  a composition and makes t h e  r a d i c a l  of lowest  

Dendral value w i t h i n  valence l i m i t a t i o n s  s p e c i f i e d .  

c o n s i s t s  of a s i n g l e  atom t h e n  t h i s  atom w i t h  an  a f f e r e n t  l i n k  

accounting fo r  a l l  t h e  u n s a t u r a t i o n s  i n  t h e  composition w i l l  be  t h e  

d e s i r e d  r a d i c a l .  Otherwise, t h e  lowest  a p i c a l  node i s  s e l e c t e d  from 

t h e  composition, t h e  lowest  p o s s i b l e  a f f e r e n t  l i n k  i s  chosen (consid-  

e r i n g  t h e  atoms and u n s a t u r a t i o n s  i n  t h e  remaining composi t ion) ,  and 

GENRAD i s  used ( r e c u r s i v e l y )  t o  g e n e r a t e  a s i n g l e  e f f e r e n t  r a d i c a l  

If t h e  composition 
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from t h e  remaining composi t ion.  If th i s  f a i l s ,  t h e  a f f e r e n t  l i n k  w i l l  

be inc reased  and GENRAD t r i e d  again.  If t h i s  t o o  fa i l s ,  t h e n  t h e  

composition of t h e  a p i c a l  node w i l l  b e  inc reased ,  t h e  a f f e r e n t  l i n k  

r e s e t ,  and t h e  whole process  repea ted  unti l  t h e r e  a r e  no more poss ib -  

i l i t i e s  f o r  a new a p i c a l  node. I f  t h i s  process  fa i ls ,  t h e n  it i s  

r epea ted  a l lowing  GENRAD t o  genera te  two e f f e r e n t  r a d i c a l s .  The number 

of  e f f e r e n t  r a d i c a l s  cont inues  t o  be inc reased  i f  necessary  and i s  

l i m i t e d  only by t h e  va lence  of t h e  a p i c a l  node. 

UPRAD increments  a given r a d i c a l  t o  i t s  next  h ighes t  Dendral 

v a l u e .  This  i s  done by f irst  t r y i n g  t o  increment one of t h e  e f f e r e n t  

r a d i c a l s  from t h e  a p i c a l  node of the  r a d i c a l  ( i f  t h e r e  a r e  any e f f e r e n t  

r a d i c a l s ) .  

va lue ,  UPRAD i s  a p p l i e d  t o  o b t a i n  a new e f f e r e n t  r a d i c a l  and t o  r e s e t  

a l l  o f  t h e  e f f e r e n t  r a d i c a l s  of g r e a t e r  Dendral v a l u e  s o  t h a t  t hey  a r e  

as low as p o s s i b l e  but  s t i l l  h igher  t h a n  t h e  one j u s t  genera ted .  If 

t h i s  proves Unsuccessful ,  t hen  an a t tempt  i s  made t o ,  f irst ,  r a i s e  t h e  

a f f e r e n t  l i n k  of t h e  r a d i c a l  (us ing  t h e  f u n c t i o n  UPLINKNODE), or t o  

i n c r e a s e  t h e  composition of t h e  a p i c a l  node (us ing  t h e  f u n c t i o n  UPCOMPNODE), 

o r ,  f i n a l l y ,  t o  i n c r e a s e  t h e  degree of t h e  a p i c a l  node (us ing  t h e  func t ion  

UPDEGNODE). 

h ighe r  Dendral va lue  concurren t  with t h e  one be ing  incremented, t h e n  

MAKERADS i s  used t o  make a new s e t  of e f f e r e n t  r a d i c a l s  i n  which t h e  

composi t ion of t h e  f irst  r a d i c a l  i s  g r e a t e r  t h a n  t h a t  of t h e  p r e s e n t  

r a d i c a l  be ing  incremented,  

S t a r t i n g  wi th  t h e  e f f e r e n t  r a d i c a l  of g r e a t e s t  Dendral 

If none of t h e s e  i s  s u c c e s s f u l ,  and t h e r e  a r e  r a d i c a l s  of 

UPMOL uses  UF’RAD i n  an a t tempt  t o  s t e p  up one of t h e  



e f f e r e n t  r a d i c a l s  from t h e  c e n t e r  of a molecule.  These e f f e r e n t  r a d i c a l s  

a r e  g iven  t o  UPRAD one a t  a t ime s t a r t i n g  wi th  t h e  one of g r e a t e s t  

Dendra1 value.  

r a d i c a l s ,  t hen  an  at tempt  i s  made t o  f i n d  a c e n t r a l  node o f  g r e a t e r  

composi t ional  va lue  and t h e n  use  MAKERADS wi th  t h e  remaining composition 

t o  f i n d  t h e  s e t  of e f f e r e n t  r a d i c a l s  f o r  t h i s  c e n t r a l  node. 

i s  a molecule wi th  a bond as i t s  c e n t e r ,  t h e n  i n s t e a d  of f i n d i n g  a new 

c e n t r a l  node UPMOL t r i e s  t o  i n c r e a s e  t h e  va lue  of t h e  c e n t r a l  bond.) 

If t h e s e  s t e p s  f a i l ,  t h e n  UPMOL t r i e s  t o  r a i s e  t h e  degree of t h e  

c e n t r a l  node wh i l e  r e s e t t i n g  t h i s  node t o  i t s  lowest  v a l u e .  

If it i s  no t  p o s s i b l e  t o  s t e p  up any of t h e  e f f e r e n t  

( I f  t h i s  

The t h r e e  f u n c t i o n s  UPLINKNODE, UPCOMPNODE, and UPDEGNODE 

o p e r a t e  on a r a d i c a l  and a t t empt  t o  make t h e  next  h ighe r  r a d i c a l  out  of 

t n e  same elements.  I n  each case  t h e  f u n c t i o n  MAKERADS i s  t h e  primary 

t o o l .  UPLINKNODE i s  asked t o  r e t u r n  a r a d i c a l  w i th  a h ighe r  a f f e r e n t  

l i n k .  UPCOMPNODE i s  asked t o  r e t u r n  a r a d i c a l  w i t h  an  a p i c a l  node o f  

UPDEGNODE i s  asked t o  r e t u r n  a r a d i c a l  i n  which h ighe r  composition. 

t h e  a p i c a l  node has  an i n c r e a s e d  number o f  e f f e r e n t  r a d i c a l s .  

The main c o n t r o l  f u n c t i o n  f o r  t h e  s t r u c t u r e  g e n e r a t i o n  i s  

a f u n c t i o n  c a l l e d  WORKLIST. WORKLIST causes  g e n e r a t i o n  of a l l  s t r u c t u r e s  

from a l l  composition l i s t s  which a r e  s u b s e t s  of a g iven  composition 

l i s t .  The use r  s p e c i f i e s  t h i s  composition l i s t  and r e q u e s t s  e i t h e r  

molecules o r  r a d i c a l s  t o  be generated.  

( f o r  molecules) or TSTRAD ( f o r  r a d i c a l s ) .  

GENMOL t o  ob ta in  t h e  lowest  molecular s t r u c t u r e  f o r  t h a t  composition 

l i s t .  The r e s u l t i n g  s t r u c t u r e  i s  p r i n t e d ,  and TESTDENDRAL t h e n  

a l t e r n a t e l y  c a l l s  UPMOL and OUTDEN ( a  p r i n t  f u n c t i o n )  u n t i l  UPMOL 

WORKLIST c a l l s  TESTDENDRAL 

TESTDENDRAL first  c a l l s  
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r e t u r n s  t h e  va lue  NIL, i n d i c a t i n g  t h a t  no h ighe r  s t r u c t u r e s  can be 

gene ra t ed .  TSTRAD c a l l s  GENRAD and UPRAD i n  an analogous f a sh ion  f o r  

r a d i c a l s .  

The u s u a l  case  i s  t h a t  t h e  u s e r  h a s  i n  mind a s i n g l e  

chemical formula f o r  which he wishes t o  s e e  a l l  t h e  a l lowable  s t r u c t u r e s .  

The f u n c t i o n  CHNOPSXVQW t a k e s  a chemical formula and conver t s  it t o  a 

composition l i s t  by c a l c u l a t i n g  t h e  number of u n s a t u r a t i o n s .  CHNOPSXVQW 

a l s o  determines whether molecules or r a d i c a l s  w i l l  r e s u l t .  Then 

WORKLIST i s  c a l l e d  and i n s t r u c t e d  t o  gene ra t e  s t r u c t u r e s  from t h i s  

s i n g l e  composition l i s t .  

The inpu t  t o  t h e  func t ion  CHNOPSXVQW i s  a l i s t  of t e n  

elements ,  corresponding t o  t h e  l e t t e r s i n  t h e  name of t h e  func t ion .  The 

first s i x  elements a r e  t h e  number of carbon, hydrogen, n i t r o g e n ,  oxygen, 

phosphorus, and s u l f u r  atoms i n  t h e  formula.  X i s  t h e  name of  any o t h e r  

atom i n  t h e  formula.  ( I f  X i s  t h e  word NIL, t h e n  no o the r  atoms a r e  

p r e s e n t ) .  V i s  t h e  va lence  of  X; Q i s  t h e  number of X atoms i n  t h e  

formula;  and W i s  t h e  atomic weight of  X.  

Other f u n c t i o n s  have been supp l i ed  t o  accept  d i f f e r e n t  

forms of  input  and c a l l  CHNOPSXVQW a f t e r  c o n s t r u c t i n g  t h e  appropr i a t e  

l i s t  of arguments.  The func t ion  ISOMERS t a k e s  a s i n g l e  argument which 

i s  a composition name ( i . e . ,  C3Hl0, C2H5N0, CH3COOH, e t c . ) .  The 

f u n c t i o n  DENDRAL t a k e s  no arguments, bu t  l a t e r  r e q u e s t s  t h e  u s e r  t o  

s p e c i f y  d e s i r e d  op t ions  and t o  input  a composition name. The func t ion  

STRUCTURES a l t e r n a t e l y  r e q u e s t s  composition names and c a l l s  ISOMERS 

s o  t h a t  it i s  easy  f o r  t h e  u s e r  t o  examine t h e  isomers of  many 

composi t ions i n  success ion .  



4 .  MODIFICATIONS TO THE DENDRAL PR(XXAM 

The program desc r ibed  above does indeed produce a l l  t h e  

s t r u c t u r a l  isomers from a chemical composition. Sometimes, however, 

t h e  number of isomers i s  so  l a r g e  t h a t  a u s e r  may no t  want t o  s e e  a l l  

o f  them. Thus, t h e  program w i l l  pause a f t e r  each N s t r u c t u r e s  ( N  may 

be s e t  by t h e  u s e r )  and a sk  t h e  u s e r  whether or not  t o  cont inue  

gene ra t ing  s t r u c t u r e s .  

The "model" of chemistry i n  b a s i c  Dendral i nc ludes  t h e  

fol lowing s u b j e c t s :  

a )  Atoms; t h e r e  a r e  seven d i s t i n c t  atoms (C,H,N,O,P,S and 

b 

L 

X ) .  

Valence of an atom; va lence  s p e c i f i e s  t h e  number of 

a t tachments  an atom may a c q u i r e .  

Unsa tura t ions ;  t h e  program knows t h a t  u n s a t u r a t i o n s  

i n d i c a t e  m u l t i p l e  o rde r  a t tachments  and t h e  program 

knows how t o  c a l c u l a t e  t h e  number of  u n s a t u r a t i o n s  

f o r  any composition. 

Of t h e s e ,  a l l  a r e  t r e a t e d  t h e  same except  H. 

Using t h e  above concepts  and t h e  Dendral r u l e s  f o r  b u i l d i n g  s t r u c t u r e s ,  

t h e  program c o n s t r u c t s  a l l  of  t h e  t o p o l o g i c a l l y  p o s s i b l e  s t r u c t u r e s  f o r  

any g iven  composition. However, any chemist  i n s p e c t i n g  t h e  output  l i s t  

f o r  a composition would r e a l i z e  t h a t  t h e  program knows l i t t l e  chemis t ry ,  

s i n c e  many chemical ly  meaningless s t r u c t u r e s  a r e  inc luded  i n  t h e  c l a s s  

Of t o p o l o g i c a l l y  p o s s i b l e  s t r u c t u r e s ,  

programming was added t o  t h e  Dendral Program i n  o r d e r  t o  e l i m i n a t e  

c e r t a i n  types of  s t r u c t u r e s  which a r e  always chemica l ly  imposs ib le .  

So a d d i t i o n a l  in format ion  and 



This  w a s  done i n  two ways. 

a t tachment .  For i n s t a n c e ,  an oxygen atom cannot be a t t a c h e d  t o  another  

oxygen atom. 

The f i rs t  uses  t h e  no t ion  o f  i l l e g a l  

(Other such cond i t ions  hold  f o r  n i t r o g e n  and s u l f u r  a toms. )  

Whenever t h e  program p icks  an atom t o  be t h e  a p i c a l  node of a r a d i c a l ,  

it checks t h e  p a r t i a l l y  b u i l t  s t r u c t u r e  t o  be s u r e  t h a t  t h i s  atom w i l l  

not be a t t a c h e d  t o  a forb idden  atom or s t r u c t u r e .  The second and more 

g e n e r a l  way of avoid ing  c e r t a i n  chemical ly  impossible  s t r u c t u r e s  i s  by 

p r e s e n t i n g  t h e  program wi th  a l i s t  of impossible  s u b s t r u c t u r e s .  Each 

gene ra t ed  s t r u c t u r e  i s  t h e n  examined and r e j e c t e d  i f  it con ta ins  any of  

t h e  forb idden  s u b s t r u c t u r e s .  The process  of checking f o r  c e r t a i n  sub- 

s t r u c t u r e s  l e d  t o  t h e  inco rpora t ion  of  a graph matching a lgor i thm i n  

t h e  Dendra1 program. 

i n  l a t e r  s e c t i o n s  of t h i s  r e p o r t .  

The graph matching process  i s  desc r ibed  i n  d e t a i l  

E l imina t ing  chemically impossible  s t r u c t u r e s  from t h e  

program output  means t h a t  t h e  program no longer  c r e a t e s  a l l  s t r u c t u r a l  

isomers  of a chemical composition. Rather ,  t h e  program now con ta ins  

some knowledge o f  chemis t ry .  The on - l ine  use r  of t h e  program may w&qt 

t o  impart  more knowledge t o  t h e  program. A s m a l l  s t e p  toward t h i s  g o a l  

i s  provided i n  t h r e e  ways. 

a )  Superv is ing  s t r u c t u r e  genera t ion :  

The program can be made t o  pause every  t ime it is  

about t o  add an  atom t o  a p a r t i a l l y  genera ted  r a d i c a l .  

The program p r i n t s  out t h e  c u r r e n t  s t a t u s  and r e q u e s t s  

permission t o  cont inue.  A "no" answer a t  t h i s  p o i n t  

should invoke some (as y e t  unwr i t t en )  l e a r n i n g  d i a l o g  
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t o  f i n d  ou t  why no t  t o  con t inue ,  

b )  Examining molecular  p a r t i t i o n s :  

C e r t a i n  groupings of atoms a r e  more p l a u s i b l e  

(chemica l ly  speaking)  than  o t h e r s .  The program can be 

made t o  p r i n t  ( i n  advance of any s t r u c t u r e  gene ra t ing )  

a l l  t h e  p a r t i t i o n s  of t h e  composi t ion.  The u s e r  may 

then  r ea r r ange  t h e  l i s t  of p a r t i t i o n s ,  e l i m i n a t i n g  

any i n  which he i s  no t  i n t e r e s t e d .  The program w i l l  t h e n  

gene ra t e  s t r u c t u r e s  i n  t h e  order  s p e c i f i e d  by t h e  l i s t  of 

p a r t i t i o n s .  The l e a r n i n g  p rocess  which could be i n s e r t e d  

at t h i s  p o i n t  would i n t e r r o g a t e  t h e  u s e r  as t o  why some 

p a r t i t i o n s  were l e f t  out  and why some a r e  more p l a u s i b l e  

t h a n  o t h e r s .  

An op t ion  i s  inc luded  a t  t h i s  p o i n t  which a l lows  t h e  u s e r  

t o  r ea r r ange  t h e  p a r t i t i o n  l i s t  on t h e  b a s i s  of a b u i l t - i n  p l a u s i b i l i t y  

f u n c t i o n .  This  func t ion  c a l c u l a t e s  a " p l a u s i b i l i t y  score'l f o r  each 

p a r t i t i o n  and then  r ea r r anges  t h e  p a r t i t i o n  l i s t ,  p u t t i n g  t h e  p a r t i t i o n s  

wi th  t h e  h ighes t  s co res  a t  t h e  beginning  of t h e  l i s t .  The c r i t e r i a  

which a r e  cons idered  i n  c a l c u l a t i n g  t h e  s c o r e  of e p a r t i t i o n  a r e  b u i l t  

i n t o  t h e  program. 

The f u n c t i o n  GETSCORE examines a p a r t i t i o n  ( a  l i s t  Of 

composi t ions)  and r e t u r n s  a number between 1 and 10 which i s  an 

assessment of t h e  va lue  of t h e  p a r t i t i o n .  

with more than  one atom c o n t a i n s  no carbon atoms, t h e n  t h e  s c o r e  f o r  

t h e  whole p a r t i t i o n  i s  1. 

two numbers: 

If any of t h e  compositions 

Otherwise t h e  s c o r e  i s  t h e  average  of 
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The f i r s t  number i s  obta ined  by cons ide r ing  t h e  proposed 

c e n t e r  of  t h e  s t r u c t u r e .  A c e n t r a l  bond i s  a s s igned  t h e  va lue  10. A 

non-carbon c e n t r a l  atom is  ass igned  t h e  va lue  3. A c e n t r a l  carbon wi th  

degree two i s  a s s igned  t h e  va lue  10. 

i s  a s s igned  t h e  va lue  6. 

a s s igned  t h e  va lue  1. 

A c e n t r a l  carbon wi th  degree t h r e e  

And a c e n t r a l  carbon wi th  degree fou r  i s  

The second number is the  average of  N va lues ,  where N i s  

t h e  number of compositions i n  t h e  p a r t i t i o n  ( a s i d e  from t h e  c e n t r a l  

node, i f  p r e s e n t ) .  If t h e  composition is  Corn t h e n  t h e  va lue  i s  10. 

Otherwise t h e  va lue  i s  a number between 0 and 10 measuring how c l o s e l y  

t h e  p ropor t ion  of  carbon t o  non-carbon atoms matches t h e  o v e r a l l  p ro-  

p o r t i o n  for  t h e  whole p a r t i t i o n .  

c )  Using o the r  d a t a  ( s p e c t r a ) :  

S p e c t r a l  information may be used t o  f u r t h e r  sho r t en  t h e  

l i s t  of isomers of a chemical formula.  A spectrum i s  a 

l i s t  of numbers corresponding t o  weights  of s u b s t r u c t u r e s .  

The Dendra1 program "knows" t h e  atomic weight of each atom, 

and can c a l c u l a t e  t h e  weight of any s t r u c t u r e  or sub- 

s t r u c t u r e .  If a spectrum i s  p r e s e n t ,  t hen  no s t r u c t u r e  o r  

s u b s t r u c t u r e  w i l l  be genera ted  u n l e s s  i t s  weight appears  i n  

t h e  spectrum. A func t ion  c a l l e d  HSTGRM w i l l  c a l c u l a t e  t h e  

spectrum of a s t r u c t u r e  i n  l i s t  n o t a t i o n .  Another func t ion  

c a l l e d  USESPECTRUM r e q u i r e s  t h e  u s e r  t o  input  a spectrum or 

s t r u c t u r e  from which t o  gene ra t e  a spectrum. This f u n c t i o n  

t h e n  s e t s  SPECTRUM and c a l l s  s t r u c t u r e  gene ra t ing  f u n c t i o n s .  



When s t r u c t u r e  gene ra t ion  i s  complete, 

USESPECTRUM s e t s  SPECTRUM t o  NIL . 

Future p lans  f o r  t h e  Dendral program inc lude  expanding t h e  

d i a l o g ,  p a r t i t i o n ,  and s p e c t r a l  f a c i l i t i e s ,  s t r eaml in ing  t h e  graph 

matching algori thm, al lowing s e v e r a l  l e v e l s  of memory, and provid ing  

more u t i l i t y  func t ions  f o r  t h e  b e n e f i t  of t h e  program u s e r .  

5 .  GRAPH MATCHING I N  DENDRAL 

The Dendral program may be made t o  gene ra t e  a l l  t o p o l o g i c a l l y  

p o s s i b l e  s t r u c t u r e s  from a chemical formula,  r e s t r i c t e d  only by t h e  

valence l i m i t a t i o n s  on t h e  atoms. Many of t h e  s t r u c t u r e s  genera ted  

by t h e  Dendral a lgor i thm a r e  not  chemical ly  meaningful because t h e y  

con ta in  c e r t a i n  impossible  s u b s t r u c t u r e s .  The forb idden  s u b s t r u c t u r e s  

were few enough i n  number t h a t  t h e y  could be l i s t e d ;  and a graph match- 

ing  a lgor i thm was in t roduced  t o  check each gene ra t ed  s t r u c t u r e  a g a i n s t  

t h e  l i s t  of forb idden  s u b s t r u c t u r e s .  I f  a s t r u c t u r e  genera ted  by t h e  

r u l e s  of Dendral i s  found t o  con ta in  even one of t h e  forb idden  sub- 

s t r u c t u r e s ,  it i s  no t  accep tab le  output ,  and t h e  Dendral program 

a t tempts  t o  f i n d  t h e  next  h ighe r  s t r u c t u r e  which does not  con ta in  a 

forb idden  s u b s t r u c t u r e .  

The f i r s t  graph matching a lgo r i thm t h a t  was implemented t o  

compare Dendral-generated s t r u c t u r e s  was e s s e n t i a l l y  t h a t  of 

E .  H .  Sussenguth Jr. of Harvard.  

i n  an appendix t o  t h i s  r e p o r t .  

t ime,  however, it was determined t o  be i n e f f i c i e n t  i n  t h e  sense  t h a t  

prev ious  work was c o n s t a n t l y  be ing  r e p e a t e d .  This  r e s u l t e d  from t h e  

This a lgo r i thm i s  desc r ibed  i n  d e t a i l  

Af t e r  u s ing  t h i s  a lgo r i thm f o r  Some 
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. 

f a c t  t h a t  graph matching was performed a t  each l e v e l  of  s t r u c t u r e  gen- 

e r a t i o n ,  whenever an atom was added t o  a p a r t i a l l y  b u i l t  s t r u c t u r e .  The 

Sussenguth method cons iders  t h e  t o t a l  s t r u c t u r e  and c a l c u l a t e s  cha rac t -  

e r i s t i c s  of  each node (atom).  Yet, t h e  na tu re  of  t h e  s t r u c t u r e  gener- 

a t i n g  a lgor i thm implied t h a t  if any forbidden subs t ruc tu res  were t o  be 

p re sen t ,  t hey  would have t o  include t h e  most r e c e n t l y  added p o r t i o n  

s i n c e  t h e  remainder would have been checked p rev ious ly .  

Thus, a s impler  graph matching a lgor i thm i s  now be ing  employed 

The s t r u c t u r e  t o  be checked i s  f i r s t  put  i n t o  t h e  appropr i a t e  format .  

This  format i s  i d e n t i c a l  wi th  t h e  l i s t  n o t a t i o n  r ep resen ta t ion  of t h e  

s t r u c t u r e  except t h a t  hydrogen atoms must be inc luded .  The func t ion  

ADDH(S) converts  t h e  s t r u c t u r e  S t o  t h e  appropr i a t e  format .  The 

func t ion  NEWCHECK causes t h i s  conversion t o  be made, and then  compares 

t h e  s t r u c t u r e  wi th  each element of BADLIST t o  determine whether any 

forb idden  s u b s t r u c t u r e  i s  p resen t .  

BADLIST i s  merely a l i s t  of forbidden s u b s t r u c t u r e s .  Each 

element i s  t h e  l i s t  n o t a t i o n  r e p r e s e n t a t i o n  of  a s t r u c t u r e ,  wi th  t h e  

fo l lowing  a l t e r a t i o n s :  

1) 

2) 

The s u b s t r u c t u r e s  have no a f f e r e n t  l i n k s .  

If any node can be one of s e v e r a l  types  of atoms, t h e  

l i s t  of atoms is  put  i n  p lace  of t h e  u s u a l  s i n g l e  atom name. 

NEWCHECK examines BADLIST and e x t r a c t s  t hose  s t r u c t u r e s  whose 

a p i c a l  node i s  t h e  same as  t h e  a p i c a l  node of t h e  s t r u c t u r e  be ing  

checked. Then t h e  s t r u c t u r e  i s  searched f o r  each of t h e  appendant 
* 

* 
Because of t h i s ,  BADLIST must conta in  s e v e r a l  e n t r i e s  for 

some s t r u c t u r e s ,  one e n t r y  f o r  each poss ib l e  a p i c a l  node. 
e lements  of  BADLIST a r e  not  a l l  i n  canonica l  form. 

Thus t h e  
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r a d i c a l s  of t h e  forb idden  s u b s t r u c t u r e .  I f  a l l  a r e  found, t hen  t h e  

s u b s t r u c t u r e  i s  p r e s e n t ,  and NEWCHECK r e t u r n s  t h e  va lue  T. 

The primary t o o l  used i n  t h i s  process  i s  t h e  func t ion  

COMPAR. COMPAR t a k e s  two arguments, S and L . Each argument i s  a 

l i s t  of  r a d i c a l s  r e p r e s e n t i n g  some or a l l  of  t h e  e f f e r e n t  r a d i c a l s  of 

t h e  two graphs be ing  matched. The r a d i c a l s  on L come from t h e  

forb idden  s u b s t r u c t u r e .  If not  a l l  elements of L a r e  on S , then  

COMPAR r e t u r n s  NIL.  I f  a l l  elements of L a r e  on S t h e n  C W A R  

r e t u r n s  t h e  d o t t e d  p a i r  ( T . R )  where R i s  t h e  remainder of l i s t  S 

a f t e r  t h e  elements of  L have been removed. 

This graph matching a lgor i thm i s  far s impler  t h a n  t h e  one 

desc r ibed  i n  t h e  appendix.  It r e q u i r e s  much l e s s  code (and consequent ly  

uses  much l e s s  core  memory) and should prove t o  be  q u i t e  a b i t  more 

e f f i c i e n t  f o r  t h e  types  of problems encountered i n  s t r u c t u r e  g e n e r a t i o n .  

6.  SUMMARY AND DISCUSSION 

The Dendral program i s  c o n s t a n t l y  be ing  modif ied as new and 

b e t t e r  ways of  doing t h i n g s  a r e  conceived.  

e r a t i n g  func t ions  a r e  w r i t t e n  independent ly  i n  such a way t h a t  new 

The b a s i c  s t r u c t u r e  gen- 

supe rv i so ry  func t ions  can be e a s i l y  i n s e r t e d  i n t o  t h e  system. 

hoped t h a t  t h e  Dendral program w i l l  e v e n t u a l l y  be a b l e  t o  b e n e f i t  from 

t h e  use r -on - l ine  c h a r a c t e r i s t i c s  of t h e  t ime-sha r ing  system i n  o rde r  

t o  " e x t r a c t  knowledge" from chemists  and o t h e r  u s e r s  of  t h e  program. 

It i s  

One g o a l  i s  t o  be a b l e  t o  g ive  t h e  program a r e a l  mass 

spectrum and have t h e  program p r e d i c t  on ly  a small number of s t r u c t u r e s  

which a r e  m o s t  p l a u s i b l e .  Considerable  work must be done be fo re  t h i s  
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g o a l  can be r e a l i z e d .  One problem i s  t h e  de te rmina t ion  of which 

composition was rep resen ted  by t h e  o r i g i n a l  subs tance .  

problem i s  "c l ean ing  up" a r e a l  spectrum. A t h i r d  problem i s  

ob ta in ing  a p r e d i c t i o n  of t h e  spectrum of  a g iven  s t r u c t u r e  f o r  

purposes  of comparing wi th  r e a l  data. The p r e s e n t  spectrum p r e d i c t o r  

i s  only  a crude, f i r s t - o r d e r  a t tempt  a t  gene ra t ing  t h e  spectrum of  

a s t r u c t u r e .  

Another 

The process  of  gene ra t ing  t h e  most p l a u s i b l e  s t r u c t u r e  from 

a g iven  composition can be  improved by making use of a c h e m i s t ' s  

knowledge about commonly occurr ing  s u b s t r u c t u r e s .  Soon t h e  program 

w i l l  con ta in  a GOODLIST which can keep t r a c k  of l i k e l y  combinations 

of  atoms. Then, du r ing  t h e  i n i t i a l  c o n s i d e r a t i o n  of t h e  composition, 

t h e  program can remove c e r t a i n  groups of  atoms and r ep lace  them by a 

symbol r e p r e s e n t i n g  t h e  s u b s t r u c t u r e .  Then, u s ing  t h e  a r b i t r a r y  

atom X i n  t h e  f u n c t i o n  CHNOFSXVQW, t h e  program can t r e a t  t h i s  sub- 

s t r u c t u r e  as an atomic unit and i n s u r e  t h a t  a l l  genera ted  s t r u c t u r e s  

w i l l  con ta in  t h e  d e s i r e d  s u b s t r u c t u r e .  

Other proposed modi f ica t ions  t o  t h e  program inc lude  t h e  

fo l lowing  it ems : 

1) 

t h e  " d i c t i o n a r y  of s t r u c t u r e s "  r e q u i r e s  l e s s  core  s t o r a g e  

space .  

2 )  

of t h e  u s e r  so t h a t  d i f f e r e n t  schemes f o r  r a t i n g  p l a u s i b l e  

p a r t  it ions  may be compared. 

Revis ing t h e  method of remembering p a s t  work so  t h a t  

P u t t i n g  t h e  p l a u s i b i l i t y  parameters  w i th in  t h e  r each  



3) 

s o  t h a t  t h e  sea rch  space f o r  p l a u s i b l e  s t r u c t u r e s  w i l l  

be made s m a l l e r .  

4 )  In t roduc ing  "mood items' '  f o r  BADLIST s o  t h a t  t h e  

program can i n t e r r o g a t e  t h e  use r  as t o  what g e n e r a l  c l a s s  

of  compounds he expec t s .  C e r t a i n  s t r u c t u r e s  w i l l  be 

added t o  or removed from BADLIST as a r e s u l t  of t h e  

use r  s "mood" . 

In t roduc ing  more e f f i c i e n t  ' ' t r e e  pruning" methods 

It should  be ev iden t  t h a t  t h e  Dendral program i s  c o n s t a n t l y  

expanding and becoming more s o p h i s t i c a t e d .  I n  e v a l u a t i n g  t h e  

e f f o r t s  performed up u n t i l  now, t h e  importance of t h e  b a s i c  Dendral 

n o t a t i o n  f o r  provid ing  unique, non-ambiguous, and a l g o r i t h m i c  

r e p r e s e n t a t i o n  o f  chemical s t r u c t u r e s  cannot be o v e r s t a t e d .  Not 

only has t h e  Dendral n o t a t i o n  allowed a l l  t h e  isomers of a 

chemical formula t o  be qu ick ly ,  a c c u r a t e l y ,  and completely genera ted ;  

but a l s o  i t  has provided a base for s tudy ing  a c e r t a i n  " induc t ive  

and enquir ing" system. 
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APPENDIX 1 

The Sussenguth Method of 

Graph Matching as Implemented i n  t h e  Dendral Program 

1. GRAPH MATCHING I N  DENDWL 

The Dendral programmay be made t o  gene ra t e  a l l  topolog-  

i c a l l y  p o s s i b l e  s t r u c t u r e s  from a chemical formula,  r e s t r i c t e d  only by 

t h e  va lence  l i m i t a t i o n s  on t h e  atoms. Many of t h e  s t r u c t u r e s  genera ted  

by t h e  Dendral a lgor i thm a r e  n o t  chemical ly  meaningful because t h e y  

con ta in  c e r t a i n  impossible  s u b s t r u c t u r e s .  The forb idden  s u b s t r u c t u r e s  

were few enough i n  number t h a t  they could be l i s t e d ;  and a graph match- 

i n g  a lgor i thm was in t roduced  t o  check each genera ted  s t r u c t u r e  a g a i n s t  

t h e  l i s t  of forb idden  s u b s t r u c t u r e s .  If a s t r u c t u r e  genera ted  by 

Dendral  i s  found t o  c o n t a i n  even one of  t h e  forb idden  s u b s t r u c t u r e s ,  it 

i s  not  accep tab le  output  and t h e  Dendral a lgor i thm a t tempts  t o  f i n d  t h e  

nex t  h ighe r  s t r u c t u r e  which does no t  con ta in  a forb idden  s u b s t r u c t u r e .  

The graph matching a lgor i thm t h a t  has  been implemented t o  

compare Dendral-generated s t r u c t u r e s  a g a i n s t  t h e  BADLIST i s  e s s e n t i a l l y  

t h a t  p re sen ted  i n  t h e  PhD t h e s i s  of E .  H .  Sussenguth,  Jr. a t  Harvard, 

1964. 

and connect ions (bonds) ,  and compares s e t s  of nodes wi th  equal  p r o p e r t i e s .  

Using s e t  ope ra t ions  

ments of node correspondences where s u f f i c i e n t  information i s  not  

This  a lgor i thm cons iders  two graphs,  made up of nodes (atoms) 

such as union and i n t e r s e c t i o n ,  and making a s s ign -  
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p r e s e n t  f o r  a unique de termina t ion ,  t h e  a lgor i thm avoids  a time-consuming 

d i r e c t  node-by-node comparison of t h e  two graphs .  This  a lgor i thm i s  

e s p e c i a l l y  e f f i c i e n t  i n  determining when no match e x i s t s .  

of a c t u a l l y  f i n d i n g  an isomorphism t a k e s  somewhat l o n g e r .  

2. NOTATION FOR GRAPH MATCHING 

The process  

The form of  a graph G i s  a l i s t  of  e lements ,  each element 

r e p r e s e n t i n g  a node of t h e  graph.  

Each node-element has  t h r e e  p a r t s :  

1) a node number- an i n t e g e r .  Node numbers must be 

unique.  And each node number i s  equa l  t o  t h e  p o s i t i o n  

of t h a t  node-element i n  t h e  l i s t  t h a t  forms t h e  graph.  

2 )  

C,  N, 0, P, or S -- bu t  sometimes an abbrev ia t ion  f o r  a 

whole s t r u c t u r e  t h a t  i s  t o  be t r e a t e d  as a u n i t  - such as 

OH, "R, COOH, e t c . )  

a node type-  t h e  name of t h e  atom a t  t h a t  node ( u s u a l l y  

3) 

as t h e  node has  bonds connected t o  it. Thus t h e  l e n g t h  of 

t h i s  l i s t  cannot ( t h e o r e t i c a l l y )  be g r e a t e r  t h a n  t h e  

valence of t h e  node. 

i r r e l e v a n t . )  

form ( 

node and CB denotes  t h e  type  of connect ion:  

CB=T ( t r i p l e  bond),  CB=D (double  bond) ,  CB=S ( s i n g l e  bond) 

For example, t h e  Dendra1 n o t a t i o n  

A l i s t  of connect ions-  This  l i s t  has as many elements 

( I n  p r a c t i c e  t h i s  r e s t r i c t i o n  i s  

Each connect ion i s  a two element l i s t  of t h e  

CN CB ) .  CN i s  t h e  node number of t h e  connected 

. C = 0 N . C .  = C C 

would be represented  by 

( 5  S)(6 D ) ) ( 5  C ( 4  ~))(6 C ( 4  D))) 

((1 C(2 D ) ( 3  S ) ) ( 2  0 ( 1  S))(3 N ( l  S ) ( 4  S ) ) ( 4  C(3 S )  

f o r  purposes  o& graph matching. 
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Operat ions comprising t h e  graph matching a lgor i thm depend 

An h e a v i l y  on t h e  use  of node numbers, bo th  a lone  and i n  l i s t  ( s e t s ) .  

isomorphism (answer)  i s  a p a i r  of  l i s t s  of node numbers, one from each 

of t h e  two s t r u c t u r e s  be ing  considered,  and where nodes i n  corresponding 

p o s i t i o n s  a r e  isomorphic.  

A p r o p e r t y  f o r  a graph i s  a l is t  of node numbers headed 

by an atom denot ing  t h e  value common t o  a l l  t h e  nodes.  Various proper ty  

va lues  a r e  used i n  matching t h e  graphs.  They a r e  desc r ibed  b r i e f l y  

below: 

1) Node va lue .  All nodes wi th  va lue  C a r e  grouped 

t o g e t h e r  and headed by t h e  atom "C". ( e t c .  f o r  N, 0, P, . .) 
2 )  Branch va lue .  All nodes ad jacen t  t o  s i n g l e  bonds a r e  

grouped t o g e t h e r  and headed by ' ' S t t e  ( s i m i l a r l y  f o r  D and T )  

3) 

of  nodes r eachab le  from - n by a pa th  of  a s p e c i f i e d  l e n g t h  

Gamma degree.  The gamma s e t  of  a node - n i s  t h e  l i s t  

( i - e . ,  by t r a v e r s i n g  a s p e c i f i e d  number of  bonds) .  Thus, 

t h e  gamma=l s e t  for a node - n i s  a l i s t  of a l l  nodes 

immediately ad jacent  (connected)  t o  node - n. 

gammaz2 s e t  f o r  node n i s  t h e  l i s t  of  a l l  nodes connected 

The 

t o  t h e  nodes i n  t h e  gamma=l s e t  of node - n. The gamma=m 

degree of  node n i s  t h e  number -- of nodes ( l e n g t h )  of t h e  - 
gamma=m s e t  f o r  node - n.  

4 )  

of bonds (connec t ions)  t h a t  must be t r a v e r s e d  be fo re  g e t t i n g  

Quasi-order .  The quas i -order  of node - n i s  t h e  number 

back t o  t h e  g iven  node - n.  D i r e c t  backt racking  i s  forb idden .  
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Thus, t h e  quasi.-order f o r  any node i n  a non-ringed or 

t r e e  s t r u c t u r e  must be zero .  (Quasi-order  i s  not  i n -  

c luded i n  t h e  cu r ren t  ve r s ion  of t h e  Dendra1 program 

s i n c e  r i n g  s t r u c t u r e s  a r e  no t  inc luded .  ) 

5 )  Connec t iv i ty .  Connect iv i ty  of a s e t  of nodes i s  

another  s e t  of nodes r e p r e s e n t i n g  a l l  nodes which can 

be  reached by a pa th  of g iven  l e n g t h  from any one of 

t h e  o r i g i n a l  nodes.  Thus, c o n n e c t i v i t y  of a s e t  of 

nodes i s  t h e  union of  t h e  gamma s e t s  of a l l  i t s  nodes. 

Connect iv i ty  i s  u s u a l l y  found for pa ths  of l e n g t h  1 or 2, 

bu t  it could be c a l c u l a t e d  f o r  longer  pa ths  u n t i l  redun- 

dant  answers begin  t o  be gene ra t ed .  

3 .  DESCRIPTION OF THE GRAPH MATCHING ALGORITHM 

The computer program f o r  t h e  graph matching a lgor i thm i s  

w r i t t e n  i n  t h e  language LISP. 

on comparing corresponding p r o p e r t i e s  from each of two graphs i n  an 

a t tempt  t o  f i n d  p a i r s  of nodes wi th  i d e n t i c a l  p r o p e r t i e s .  During t h i s  

p a i r i n g  process ,  c a r e f u l  checks a r e  made t o  determine whether o t h e r -  

wise s i m i l a r  nodes have c o n t r a d i c t o r y  p r o p e r t i e s .  

i n d i c a t e s  "no match", and t h e  a lgo r i thm t e r m i n a t e s  immediately.  

The o p e r a t i o n  of t h e  a lgo r i thm is  based  

Such a s i t u a t i o n  

The a lgor i thm makes heavy use  of  v a r i a b l e s  which a r e  

g l o b a l  t o  a l l  LISP f u n c t i o n s .  

a r e  s e t ,  changed, and t r a n s l a t e d  by t h e  major f u n c t i o n s .  Eight  of 

t h e s e  l i s t s  deserve  s p e c i a l  mention: 

These v a r i a b l e s  a r e  c e r t a i n  l i s t s  which 

1) G -- one of t h e  two graphs t o  be  matched. This  
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v a r i a b l e  i s  s e t  as input  t o  t h e  a lgo r i thm and never 

changed. 

2 )  

t h e  l a r g e r  of  t h e  two ( i n  t h e  sense  of having more 

nodes ) .  

3-4) -- L and IS a r e  l i s t s  whose elements a r e  s e t s  of 

nodes wi th  corresponding p r o p e r t i e s  from G and GS 

r e s p e c t i v e l y .  

5-6) -- V and VS a re  e d i t e d  v e r s i o n s  of L and LS, be ing  

l i s t s  of s e t s  of nodes of G and GS wi th  corresponding 

p r o p e r t i e s .  Non-informative s e t s  have been removed, and 

p a i r s  of nodes t h a t  a r e  known t o  correspond a r e  removed 

from t h e  s e t s  i n  which they  appear .  

7-8) -- K and K S  a r e  l i s t s  of  corresponding (known) nodes 

f o r  G and GS.  The f i r s t  element of  K i s  t h e  node c o r r e s -  

ponding t o  t h e  f i r s t  element of  K S .  If t h e  l e n g t h  of t h e s e  

s e t s  equals  t h e  nuqber of nodes i n  graph G,  t hen  an 

isomorphism i s  determined. There may be more than  one 

isomorphism, bu t  t h e  c u r r e n t  v e r s i o n  of  t h e  a lgor i thm i s  

s a t i s f i e d  w i t h  a s i n g l e  one. 

There a r e  two c l a s s e s  of f u n c t i o n s  making xp t h e  Dendral 

GS -- t h e  o the r  graph t o  be matched. GS must be 

graph matching a lgor i thm.  The f irst  c l a s s  con ta ins  a l l  f u n c t i o n s  t h a t  

a r e  an i n t e g r a l  p a r t  of t h e  pure subgraph matching. The second c l a s s  

of func t ions  con ta ins  a l l  those  needed t o  use t h e  graph matching from 

w i t h i n  Dendral.  This  c l a s s  depends on t h e  presence  of  both pure 
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subgraph matching and pure Dendral.  

The important  func t ions  i n  t h e  f i r s t  c l a s s  a r e  ISOLISP 

( t h e  superv isory  f u n c t i o n ) ,  SETFORM (which e x t r a c t s  p r o p e r t i e s  of 

graphs) ,  FF ( a  f u n c t i o n  which o b t a i n s  f a m i l i e s  of corresponding nodes) ,  

PAR ( t h e  f u n c t i o n  which ob ta ins  correspondents  of t h e  nodes of  t h e  

sma l l e r  graph) ,  and NEWABLK and NEXTASSIGN (which provide f o r  sys t ema t i c  

assignment of correspondences i n  cases  where prev ious  work has f a i l e d  

t o  f i n d  a unique correspondent  for some node) .  

The f u n c t i o n  CHECKMATCH i s  t h e  l i n k  between Dendral and 

t h e  graph matching a lgor i thm.  It conver t s  a s t r u c t u r e  t o  n o t a t i o n  

s u i t a b l e  for graph matching and c a l l s  ISOLISP f o r  each element of 

BADLIST which may be conta ined  i n  t h e  t e s t  s t r u c t u r e .  

BADLIST i s  a g l o b a l  v a r i a b l e  which con ta ins  informat ion  

about a l l  of  t h e  "forbidden" chemical s t r u c t u r e s .  Each element of 

BADLIST con ta ins  t h e  fo l lowing  p i e c e s  of  in format ion  about a forb idden  

s t r u c t u r e  : 

1) A p r e d i c a t e  which i n d i c a t e s  whether (T)  or not  (NIL)  

t h e  s t r u c t u r e  t o  be  matched wi th  t h i s  subgraph should be 

checked f o r  t e r m i n a l  OH and "R b e f o r e  matching. 

2 )  

t h e  subgraph. 

3 )  

4 )  

t h e  graph matching a lgo r i thm.  

The f u n c t i o n  ISOLISP i s  c a l l e d  only  if t h e  number Of atoms 

A number i n d i c a t i n g  t h e  number of atoms (nodes)  i n  

The composition l i s t  f o r  t h e  subgraph.  

The subgraph i t s e l f  i n  t h e  n o t a t i o n  r e q u i r e d  by 

i n  t h e  subgraph i s  l e s s  t han  or equa l  t o  t h e  number of  atoms i n  t h e  
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t e s t  s t r u c t u r e  and i f  t h e  composition of t h e  subgraph is  contained i n  t h e  

composition of t h e  t e s t  s t r u c t u r e .  

forb idden  subgraph is  found i n  t h e  t e s t  s t r u c t u r e .  Otherwise t h e  va lue  of 

CHECKMATCH i s  NIL. 

4, PRIMARY FUNCTIONS FOR GRAPH MATCHING 

ISOLISP - 2 arguments 

The va lue  of CHECKMATCH i s  T i f  any 

G - a graph 

GS - a graph 

ISOLISP i s  t h e  c o n t r o l  f u n c t i o n  f o r  t h e  a lgor i thm.  

func t ions  which cons t ruc t  and use t h e  l i s t s  L, LS, V, VS, K and E. 

ISOLISP recognizes  when an isomorphism has been found or denied and 

c a l l s  f o r  assignments t o  be made i f  necessary ,  

It c a l l s  o the r  

The f irst  a c t i o n  of  ISOLISP i s  t o  s e t  up l i s t s  L and LS 

from t h e  p r o p e r t i e s  of graphs G and GS by c a l l i n g  t h e  func t ion  

SETFORM. Next, t h e  elements o f  L and LS a r e  examined and non- 

redundant s e t s  of nodes a r e  placed on V and VS by t h e  func t ion  FF which 

checks f o r  p o s s i b l e  con t r ad ic t ions  i n  p r o p e r t i e s  of  G and GS. The 

f u n c t i o n  CONNEC p laces  new s e t s  on L and LS. 

apply ing  t h e  p rope r ty  of connec t iv i ty  t o  a l l  s e t s  on V and V S .  The 

f u n c t i o n  PAR ob ta ins  t h e  set of correspondents  f o r  each node of G whPch 

i s  not  on l i s t  K. These s e t s  a r e  added t o  V and VS by t h e  func t ion  PAR. 

These s e t s  a r e  obta ined  by 

I f  t h e  s e t s  V, VS, K and KS a r e  unchanged a f t e r  t h e  func t ions  

FF and PAR have both been executed, t hen  an isomorphism cannot be 

determined without  making an assignment.  

a node assignment t o  be made and added t o  t h e  l i s t s  K and KS. If no 

The f u n c t i o n  NEWABLK causes 
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, 

assignment i s  p o s s i b l e ,  t h e n  a previous  assignment must be c o n t r a d i c t e d .  

(If no previous  assignment was made, t h e n  no isomorphism i s  p o s s i b l e ) .  

The v a r i a b l e  c a l l e d  ASTACK con ta ins  a r eco rd  of  c u r r e n t  ass ignments .  

NEXTASSIGN r e v i s e s  t h e  most r e c e n t  assignment if p o s s i b l e .  Otherwise,  

t h e  most r e c e n t  assignment i s  d i sca rded  and t h e  s t a t e  of t h e  system 

p r i o r  t o  t h a t  assignment is r e t r i e v e d  i n  o rde r  t o  r e v i s e  t h e  prev ious  

ass ignment . 
FF-0 arguments 
I 

FF uses  t h e  l i s t s  L and LS t o  form f a m i l i e s  of  corresponding 

nodes. 

mat ion.  

Each p a i r  of  elements (Li , LS.)  i s  examined f o r  u s e f u l  i n f o r -  

Known corresponding nodes a r e  removed (by t h e  func t ion  REMK) 

1 

from Li and LSi. If e x a c t l y  one node remains i n  each of L and LSi , 
i 

t h e n  th i s  becomes a new known correspondence, t h e  nodes a r e  p laced  on 

K and KS and removed from t h e  elements of V and VS (by t h e  f u n c t i o n  

REMNEWK). Otherwise, t h e  elements L .  and LSi a r e  p l aces  on l i s t s  V 
1 

and VS (by  t h e  f u n c t i o n  MERGESET), provided t h e y  do not  c o n t r a d i c t  (no 

isomorphism) o r  d u p l i c a t e  any p a i r  of e lements  (V , VS.). 
j J 

A f t e r  FF has considered a l l  e lements  on L and LS, t h e  l e n g t h  

of l i s t s  K and KS determines t h e  f u t u r e  a c t i o n  of  t h e  a lgor i thm.  If 

t h e  number of  correspondences ( l e n g t h  of  K)  i s  equa l  t o  t h e  number of 

nodes of graph G ,  an isomorphism i s  found and FF terminakes w i t h  a 

va lue  of 1. I f  t h e  l e n g t h  of K i s  g r e a t e r  t h a n  t h e  number of nodes of 

G t h e n  a c o n t r a d i c t i o n  must e x i s t  and no isomorphism w i l l  be p o s s i b l e .  

I n  such a case FF e x i t s  wi th  a va lue  of 0. Otherwise FF t e r m i n a t e s  

wi th  a value of 2 i n d i c a t i n g  t h a t  more work h a s  t o  b e  done. 

a 



- PAR - 0 arguments - 
PAR examines elements of  V and VS and combines s e t s  (u s ing  

ope ra t ions  s i m i l a r  t o  union,  i n t e r s e c t i o n ,  and complement) t o  f i n d  

s i n g l e  node correspondences.  PAR r e t u r n s  0 i f  an isomorphism i s  i m -  

p o s s i b l e ,  1 i f  an isomorphism i s  found, and 2 i f  more work needs t o  

be  done. 

I n  doing t h i s ,  PAR takes  each node of G and c o n s t r u c t s  t h e  

l i s t  of  i t s  p o s s i b l e  correspondents  by cons ide r ing  each p a i r  of  s e t s  

V. and VS I n i t i a l l y  t h e  known cor respondents  of node n a r e  a l l  t h e  

non-known nodes of graph GS. I f  node n i s  i n  V .  t h e n  V S .  is  i n t e r -  

s e c t e d  wi th  t h e  s e t  of  p o s s i b l e  correspondents  f o r  node - n .  If - n i s  

J j 

J J - 

no t  i n  V t h e n  t h e  complement of VS i s  i n t e r s e c t e d  wi th  t h e  s e t  of 

p o s s i b l e  cor respondents  f o r  node 2. 
j j 

If t h e  s e t  of  correspondents  has  

l e n g t h  1 t h e n  node - n becomes a known node and i s  added t o  l i s t  K, 

o therwise  - n i s  added t o  V and i t s  s e t  of correspondents  i s  added t o  VS. 

SETFORM - 0 arguments 

SETFORM uses  s e t  genera t ing  (p rope r ty  gene ra t ing )  func t ions  

t o  s e t  L and LS t o  l i s ts  of corresponding nodes o f  G and GS.  The 

p r o p e r t i e s  a r e :  gamma degree = 1, gamma degree = 2, node va lue  and 

branch  v a l u e .  

NEWABLK - 0 arguments 

IIEWAEiLK adds a new assignment b lock  t o  ASTACK. An ass ign -  

ment b lock  i s  a l i s t  of t h e  form (XS X SS V VS K K S )  where t h e  c o r r e s -  

pondence (assignment)  X:XS was made from s e t  SS which i s  p a r t  of LIST 

VS. Values of V,  VS, K, and KS a r e  p r i o r  t o  assignment s o  they  can 

be  r e s t o r e d  i f  t h e  assignment f a i l s .  X i s  added t o  ASLIST, and 
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lists K, KS, V, and VS are all updated using the new assignment. 

ASSIGNI - 1 argument 
A - a number or NIL 

ASSIGNI finds a possible correspondent of node X in set 

SS. (Both X and SS are global to ASSIGNI, being set within NEWABLX 

and NEXTASSIGN which are the functions which can call ASSIGNI,, If 

A is not N I L ,  then it is the last correspondent used for X, and the 

search for a new correspondent starts with the successor of A in 

list SS. The new correspondence X:XS is checked for validity against 

the sets of V and VS. 

NEXTASSIGN _. 0 arguments 

NEXTASSIGN makes the next assignment in the current block. 

The current block is the first element of ASTACK, which has kept 

tract of all assignments made in the current attempt to locate an 

i somorphi sm. 


